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ABSTRACT 
In recent years, renewable energy based distributed generation has gained 
significant interest in modern power generation and distribution. Though 
integrated renewable energy sources provide green energy, which is pollution free 
and secure, intermittent nature of power output from these sources pose various 
technical challenges to the grid and utilities. Technical challenges that confronts 
the power quality factors needs to be quantified considering various scenarios in 
the network such as change in load demand or variation in wind and solar PV 
penetration levels. This thesis entitled “Impacts analysis and optimized control in 
renewable energy power network”, aims to study several power quality impacts  
and investigates the voltage regulation method in a grid tied hybrid renewable 
energy power network under various network conditions. This thesis also explores 
the LVRT issue of DFIG and proposes a novel optimized control to enhance the 
reactive power support from DFIG under fault condition.  
Firstly, this thesis examines and quantifies the power quality factors in a grid tied 
hybrid renewable energy power network with wind and solar PV integration using 
simulation and real time experimental approaches. Results of this preliminary analysis 
shows that there is an emergent need to control power from the integrated RE sources 
for effective voltage regulation in the network using appropriate control measures and 
planning strategies. Accordingly, this thesis proposes a novel reactive power 
management control and coordination strategy for grid tied hybrid renewable energy 
power network comprising double fed induction generator based wind turbine, 
solar PV and D-STATCOM for voltage regulation. The main objective of the 
proposed strategy is to provide a coordinated reactive power control among all 
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integrated DG elements under various network conditions. The benefit of the proposed 
strategy is to enhance the voltage regulation at PCC without deteriorating the power 
factor levels of wind and solar PV and ensures that the connected DG sources remain 
in compliance with the Australian grid code requirements. Besides, the proposed 
control strategy also reduces the excess burden on D-STATCOM by using the existing 
RE sources in the network for reactive power support with appropriate reactive 
dispatch controls. 
This thesis also explores the low voltage ride through capability of double fed 
induction generator using an optimized control approach. A novel two-stage 
computational intelligence based optimization technique has been proposed using 
Fuzzy and Particle Swarm optimization methods. The benefit of the proposed control 
lies in improved low voltage ride through capability of DFIG under both symmetrical 
and asymmetrical fault condition. Results of the proposed control demonstrates an 
effective performance in limiting the reactive power, direct current link overvoltage 
variations and improving the voltages at PCC and DG connection terminals by 
supplying appropriate reactive power. Moreover, the performance of the proposed 
control strategy also exhibits its superiority in finding the optimal solution for total 
harmonic distortion issue by reducing the voltage and current harmonics compared to 
the conventional control approach. Thus, this thesis has extensive implications in terms 
of voltage regulation using a novel reactive power management technique in a grid tied 
hybrid renewable energy network and low voltage ride through capability of DFIG 
using optimized two stage controller under both symmetric and asymmetric fault 
conditions. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background and significance 
Worldwide, energy consumption has been increasing significantly over the past few 
decades. According to the official estimate of World Energy Council (WEC), the total 
energy consumption was raised by 76% in 2011 when compared to the energy 
consumption in 1993 and this figure is envisaged to raise up to 82% by 2020 [1]. Most 
of the world’s primary energy demand is being met by the conventional energy sources 
such as fossil fuels. Electricity generation from fossil fuel leads to irreversible 
depletion of conventional resources and contributes to greenhouse gas emissions 
(GHG) [2]. According to International Energy Association (IEA) highlights on CO2 
emission , an average concentration of CO2 emission was 40% more compared to past 
few decades and thus becoming a leading contributor to global energy relate emissions 
[3]. On the pathway towards a prospective green and emission less generation, RE 
sources can be considered as an alternative energy sources for electricity generation. 
According to the estimates on global energy consumption, a total of 19.3% of 
global energy consumption was derived from renewables in the year 2015 [4, 5].  
Renewable energy sources such as wind and solar have vast potential to reduce 
dependence on fossil fuels and greenhouse gas emissions in the electric sector. Climate 
change concerns, state initiatives including renewable portfolio standards, and 
consumer efforts are resulting in increased deployments of wind and solar PV 
technology in electricity generation [6]. However, universal access to commercial 
energy remains a target for the future. The quest for green and sustainable energy 
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generation has considerable implications on existing power generation, 
transmission and distribution as RE sources cannot support the entire grid demand 
by themselves. Hence, RE sources integrated in the power network acts as 
auxiliary power sources, meeting the load demand and reduces the excess burden 
on primary generation units. 
1.2 Problem Statement 
Power network employing solar PV, WT, sources based on fuel cell, micro 
generators and other sources augmenting the power lines will constitute to form 
a DG based power network. In recent years, the need for DG with RE integration 
has gained a significant momentum toward power generation and has a vast 
potential to lessen the dependency on conventional resources [7, 8]. Unlike 
conventional power system, end users are not passive in DG oriented power 
network as they can supply the excess energy to grid during off peak hours. 
Ongoing concerns on increased global energy consumption and GHG emissions, 
has accelerated the transition of conventional power generation to integrate RE 
sources in to grid. Deployment of RE sources in to existing grid is one of the 
biggest challenge as it is difficult to predict the power output available at certain 
times of the day from these sources [9].  
Conventionally, large power generators play a significant role in monitoring and 
controlling the most important parameters of power which is delivered to the 
utilities. Considering the intermittent nature of these resources, it is imperative to 
analyze the technical challenges while integrating the RE sources with the 
existing grid network. Some of these challenges include voltage variations, 
harmonics, active and reactive power requirement that detract from the power 
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quality of the network. In a broader perspective, the power electronic interface 
with reference to the integrated RE sources should regulate the frequency, voltage 
and the power flow effectively [10]. In addition, voltage level in hybrid RE (solar 
PV and wind) based power network, cannot be solved by the conventional voltage 
regulators alone (OLTC of transformer, shunt capacitor, synchronous condenser, etc.) 
due to their slow behavioral characteristics. Reactive power from DG can be 
considered through appropriate reactive power management control techniques in a 
coordinated control approach [11-13].  
Moreover, with the increased penetration of wind power in to the power network, the 
recent devised grid code demands that WG must ride through the fault and stay 
connected to the network during fault conditions. Due to the undesirable characteristics 
and the limited control rating of converter devices, controlling active and reactive 
power is a critical issue for DFIG under such scenarios. As a result, an optimal control 
of DFIG is essential as the conventional control approach alone cannot significantly 
ride through the low voltage at WG terminals without the use of any auxiliary hardware 
and the WG may trip in order to maintain the local grid code requirements during fault 
condition. Hence, an optimal control approach is required to significantly ride through 
the fault without using an auxiliary device. 
1.3 Scope of this work 
There is an emergent need to investigate the technical challenges while 
integrating renewable energy sources in to the existing power network, this 
research study focuses to analyse the PQ impacts in grid tied hybrid RE network 
with wind and solar PV integration. In order to study and investigate technical 
challenges oriented with the RE based power network, a hybrid RE based power  
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network is developed in Power System Simulator Siemens Network Calculation 
(PSS SINCAL) platform with wind and solar PV integration. Considering the 
intermittent nature of the resources, different scenarios were considered for the 
developed model and the respective impacts were analysed using PSS SINCAL. 
Following this, PQ issues were analysed by experimental approach on a real 
power network at Commonwealth of Scientific Industrial Research Organization 
(CSIRO) using Renewable Energy Integrated Facility (REIF), Newcastle, 
Australia.  Active and reactive power variations, voltage and PF impacts were 
critically analysed by conducting different experiments in low voltage (LV) 
power network with RE integration. As a benchmark, the quantified impacts level 
of PQ factors were compared with the Australian network standard limit.  
With the increased penetration level of solar PV and wind, the conventional voltage 
regulators alone, cannot solve the voltage control issues. As a counter measure, 
reactive power from DG can be considered through appropriate reactive power 
management control techniques. Hence, this research takes an opportunity to propose 
a coordinated RPM control strategy considering hybrid RE sources integrated power 
network. Further, considering wind as a primary RE contributor in the current research, 
optimal control of DFIG is a critical issue under fault condition, as the conventional 
control approach cannot significantly ride through the low voltage at WG terminals 
and PCC bus. Thus, this research proposes a computational intelligence based control 
approach for DFIG that can significantly ride through the low voltage level at PCC 
under both symmetric and asymmetric fault conditions.  
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1.4 Objectives of this research 
The Primary objectives of this research work are: 
•  Design a typical hybrid RE integrated power network in the PSS SINCAL 
platform and conduct various simulations to investigate the power quality 
issues and study the impact levels. 
• Investigate the power quality impacts experimentally in a real power network 
with RE integration using CSIRO’s mini grid facility. 
• To develop a typical hybrid renewable energy power network with wind and 
solar PV integration in MATLAB-SIMULINK platform and propose a reactive 
power management technique for voltage regulation in MV power network. 
• To propose a computational intelligence based control optimization technique 
for DFIG’s LVRT issue, that can significantly ride through the low voltage 
level at PCC under both symmetric and asymmetric fault conditions. 
1.5 Outline of thesis 
Chapter 2 reviews the significance of RE integration in to grid-connected network and 
its technical challenges. This chapter also presents the concept of DER and primarily 
focuses on DG with RE integration technology. Control structures of DFIG based WG, 
solar PV are also discussed briefly. Finally, a concise latest review on different PQ 
impacts, voltage regulation techniques and control based optimization approaches are 
critically presented meeting the scope and objectives defined in this chapter.  
Chapter 3 presents PQ impacts in a hybrid RE based power network using PSS 
SINCAL. Active and reactive power variations, voltage variation, THD level and 
unbalanced voltage level were extensively analyzed under various scenarios.  
8 
 
Chapter 4 details the results of experiments that were proposed and analyzed with 
various power sources and highly controllable loads with an aim to analyze the PQ 
impacts in a real time RE based power network using CSIRO, REIF.  
Chapter 5 proposes reactive power management control strategy considering a typical 
hybrid RE based MV network that effectively regulates the voltage level and PF. 
Different scenarios were considered to verify the coordinated control operation of the 
proposed scheme among grid, wind, solar PV, and D-STATCOM. 
Chapter 6 proposes a two-staged optimized RSC controller for DFIG through 
computational intelligence in order to effectively optimize the control response of RSC 
and improve the performance of the DFIG effectively under symmetrical and 
asymmetrical fault condition. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
This chapter presents the literature relevant to the defined scope and research 
objectives outlined in chapter 1. DG with RE based technology, significance of RE, 
RE technical challenges, control structure of DG sources will be majorly discussed. 
This chapter also discusses the previous works relevant to the current research topic 
and highlights the relevant research gaps critically. Accordingly, research questions 
will be formulated and presented. 
2.2 Significance of Renewable Energy  
Worldwide energy demand has been increasing from past few decades. Today, most 
of the world’s energy is derived from conventional resources especially by burning 
coal, as it has substantial reserves of conventional resources [14]. The phenomenal 
economic growth experienced in the developed countries throughout the 20th century 
has largely driven by the tremendous availability and usage of the traditional resources 
for electricity generation. However, the continuous availability of conventional energy 
resources cannot be taken for granted due to many concerns.  For instance, increased 
demand of these resources will outstrip the ability to produce them [15]. In addition, 
existing power systems can be considered as a primary cause for current green-house 
or global warming effects due to the continuous emission of carbon dioxide in to 
atmosphere [16-19]. The substantial raise in energy demand and growing concern on 
climatic change issues has eventually spurred the interest of modern power generation 
towards RE resources. Among different RE sources, wind and solar PV technologies 
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have become popular in the modern power systems due to their emerging potentiality 
with high reliability during grid integrations. Besides being emission-free, energy from 
solar PV and wind is available at no cost. Further, they provide a solution for remote 
areas in supplying power which are not easily accessible by the utility company and to 
developing countries that are poor in fossil-based resources [20]. Moreover, according 
to [21] , it can be estimated that  28% of the world’s energy demand will be effectively 
met by exploiting solar PV by 2040. International Energy Agency (IEA) reports on RE 
estimates that up to 18% of world’s energy demand will be met by wind energy sources 
by the year 2050 [22]. Despite differing reasons, it is clear that there is a need to transit  
traditional power system to a viable and sustainable  by deploying RE sources into the 
existing system [4, 6]. Hence, it is a primary concern to be able to bring greater 
percentages of RE sources into the energy mix with appropriate DG control techniques. 
2.3 Distributed Energy Resources (DER) 
Distributed energy resources (DER) are a form of power sources, which can be 
clustered to generate the required energy meeting the consumer side load demand. In 
general, DER refers to the power generation sources that are directly connected to a 
LV or MV distribution system. DER comprises of generation units such as solar PV, 
micro turbines, fuel cells etc., and storage based technologies such as flywheels, 
batteries etc.[23, 24]. In the modernized electric grid, adoption of DG that feed RE in 
to the existing power network help to facilitate and transit the power grid in to smart 
grid. In addition, DER have become more popular in recent years due to their extensive 
potential to improve reliability with reduced power generation, transmission and 
distribution costs. Nevertheless, grid connected DERs also support and strengthen the 
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central DERs that facilitate power for remote applications, where there is no possibility  
to supply power from a conventional system  [25].  
 
Figure 1 Structure of Distributed Energy Resource [7] 
2.3.1 Structure of DER  
A general DER structure is represented in Figure 1 [7]. The input power from the DG 
sources is transformed in to the required electricity by means of a power conversion 
unit. The produced electricity can be delivered to the utility grid or to the local load 
based on the connection mode of the DG system. Control of distributed system plays 
a major role in extracting the maximum power and transferring between grid and DG 
sources. Though DG is not a new concept, application of different types of 
technologies has created evolution in electric power industry. A simple DG system can 
be powered by RE based sources such as wind turbines or solar PV or by using the 
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combustion engine, micro turbine, fuel cells, etc., supporting local level and or end 
level power generation. Figure 2 illustrates different types of technologies that can be 
supported by DG [23]. 
 
Figure 2 Different Types of DG technologies [23] 
 
The control system of conventional distributed system is divided in to two main parts, 
input side controller (ISC) and the output side controller (OSC) or grid Side Controller. 
The main aim of ISC is to extract maximum power from the DG sources. OSC will 
have the capability to control real power generated to the grid, transfer of reactive 
power between the grid and the DG sources, DC-link voltage control, grid 
synchronisation etc. OSC consists of a high speed internal current control loop 
regulating the grid current and the external voltage control loop controlling the voltage 
of DC-link. Current controller loop is responsible for PQ issues and current protection 
and thus harmonic compensation and dynamics are some of the important features of 
the current controller [7]. In addition, ancillary control services such as local voltage 
regulation, frequency regulation, harmonics compensation will also be substituted by  
grid side converter based on the request of the grid operator [7, 10]. 
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2.3.2 DG with RE integration 
Technological advancements in RE and concerns over climatic change, greenhouse gas 
effects, depletion of fossil fuels has spurred the interest of DG towards RE integration 
[26]. DG with RE technology can be considered in the form of grid-connected 
configuration or stand-alone. Among RE based DG sources, wind and solar PV has 
gained greater interest with an extensive research in the modern power generation via 
feasibility analysis, network modeling and simulations (optimized control design ) and 
experimental analysis [27]. Considering the current research objectives presented in 
Chapter 1, it is required to analyze the generic control structures of wind and solar PV. 
Hence, the following sections explains wind and solar PV systems and their control 
structures with objectives. 
 
Figure 3 Structure of wind power system [28] 
2.4 Wind Power System (WPS)  
Wind Energy Conversion System (WECS) converts kinetic energy (KE) of wind in to 
electrical energy. WECS consists of rotor that converts wind energy in to rotational 
shaft energy. Drive train comprises of a drive shaft, gearbox and the generator, all of 
which are enclosed by nacelle. The KE captured by the blades of the turbine is 
converted into the mechanical energy by the drive shaft. Using a  generator, 
mechanical energy or the shaft power is converted in to the required electric power 
[28, 29].  
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Figure 3 shows the overall structure of a typical WT model, where ‘ωt’  represents the 
total field of wind speed in the rotor reference plane of the WT. Inputs to the 
aerodynamic model are rotor speed ‘ωR’ of the WT and the equivalent wind speed ‘ωt’ 
and output is the aerodynamic torque ‘Tω’. Mechanical model’s input is ‘Tω’ and output 
is the electromagnetic torque ‘Tg’. The electrical model uses ‘ωt’ as input and gives 
‘Tg’ as output. The electrical model interfaces grid and exchanges active and  reactive 
power using control system [29]. 
 
Figure 4 Two mass model of drive train [30] 
2.4.1 Aerodynamic model  
A part of available power from the wind is converted in to the mechanical power Pmech 
by the rotor blades. The coupling effect between the incoming wind speed and the 
mechanical torque is given by this Aerodynamic model [31, 32]. The obtained KE will 
be transformed in to the mechanical torque at the rotor shaft of the WT. The blades are 
attached to rotor with a tip speed (ωt ∗ r) .                                    
                                           3mech P wP = ρAC (λ,β)v                                                     (2.1) 
Where, Pmech is power extracted from the wind and expressed in watts, ρ is the   density 
of air in kg/m3 , r  is the radius swept by the rotor blades in meters, v  is the speed of 
wind in meters/sec , A is area swept by the rotor, CP is power coefficient which depends 
Wind Turbine  Mass
Generator
mass     
Ktg
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Dtg
Ht
Tt
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ωe
ωt
15 
 
on λ and β, λ is the tip speed ratio ( λ = ωt r
vw
) , ωt  is the mechanical rotor speed, 
radians/sec,  β is the pitch angle. From the above equation, it is evident that density of 
air, wind speed and the radius swept by the blades of the rotor are not the quantities 
that can be controlled. Hence, performance coefficient CP is the only quantity that can 
be controlled to extract the maximum energy from the wind. The rotational speed of 
the rotor should be adjusted to the electrical frequency and this can be accomplished 
with the gearbox or with number of pole pairs of the generator [33]. 
2.4.2 Mechanical Dive Train model/Shaft model 
The drive train system of the WT comprises of rotating masses, hub, gearbox, 
connecting shafts and the generator inertia. In power systems, various drive train 
models are available such as lumped model or one mass model ,two mass shaft model 
,three mass drive six mass model [34].  Figure 4 shows the two mass model of the drive 
train. The input to the two mass system is the torque (Tω) produced by the aerodynamic 
system. The outputs of the mechanical system are the changes in the rotor speed (ωR) 
and the generator speed (ωg). 
 
Figure 5 Turbine characteristics with maximum power point tracking 
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By applying Newton’s law of motion, following equations of motion can be  
considered for each mass and shaft [30]. 
                      ( ) ( )e tg g t tg m t g eT D ω ω K θ θ 2 H ω− − − − =                                         (2.2) 
                      ( ) ( )tg e t tg e t t t tD ω ω K θ θ T 2 H ω− + − − =                                           (2.3) 
Here, ωg and ωt are the generator and the turbine speeds expressed in per unit 
values; (ωe − ωt) is the shaft twist angle; Hgand Ht are the generator and the turbine 
inertias; Ktg is the shaft stiffness coefficient expressed in per unit torque/rad; Dtg is the 
damping coefficient expressed in per unit torque/unit speed; TG and Tt are 
electromagnetic torque of the generator and the turbine respectively. Figure 5 shows 
the turbine characteristics with MPPT characteristics. 
 
Figure 6 DFIG based power conversion system connected to grid [35] 
2.4.3 Double Fed Induction Generator (DFIG) equivalent circuit 
In today’s wind energy industry, DFIG is the most widely used variable speed wind 
generator system due to its high flexibility to harvest the maximum energy from the 
wind than the fixed speed WECS. Among variable speed WTs, DFIG or Type -3 
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generators are most preferred in power system applications due to their low cost, higher 
efficiency, low converter rating, superior damping response [36]. Moreover, when 
compared to the other types of generators, induction machines are simpler and rugged. 
DFIG is essentially a wound rotor induction generator and when connected to the grid 
it exchanges power with the grid by rotor circuit control and operates at variable speed 
[37, 38]. The capability of additional reactive power support to the grid even when the 
turbine is not rotating has made DFIG operation as a unique feature among the wind 
turbines[35]. The typical block diagram of DFIG based wind turbine is Figure 6. With 
the application of DFIG, the operating characteristics of the grid change since the 
converters of DFIG have the capability to respond to the grid disturbances.  Figure 7 
shows the equivalent model of DFIG in d and q-axis references. Equations 2.4 to 2.7 
represents the equivalent voltages of DFIG. 
 
Figure 7 DFIG equivalent circuit[30] 
                                    sqsq s sq sd
dλ
 v i sλ
dt
R= + +                                                      (2.4) 
                                   sdsd s sd sqs- 
dλ v = R i λ +ω
dt
                                                    (2.5) 
+ +
+
-
+
-
-
--
Lls
LlsRs
Rs Rr
Rr
ird
isq irq
vsq
vsd vrd
vrqLm
Lm
ωs λsd
ωs λsq
(ωs-ωr) λrd Llr
Llr(ωs-ωr) λrqisd
18 
 
                             rq r rq s r rd
dλv R i (ω ω )λ
dt
q
= − − +                                          (2.6) 
 
                             rdrd r rd s r rq
dλv R i (ω ω )λ
dt
= − − +                                      (2.7)                                   
Where ,  vsq and vsd are voltages of stator, vrq and  vrd are voltages of rotor referred 
to the stator side,  λsq and λsd are stator fluxes, λrq and  λrd are rotor fluxes referred to 
the stator side, ωs is reference frame speed, ωr is rotor electrical frequency. The active 
and the reactive power at stator and rotor terminals of DFIG  can be written as follows 
[30, 31]. 
                              s ds ds qs qsP 1.5  ( i v )v i= +                                                   (2.8) 
                                       s qs ds ds qsP 1.5  (v i v i- )=                                            (2.9) 
                                     r dr dr qr qr  P 1.5  (v i v i )= +                                                  (2.10) 
                                    r qr dr dr qr  P 1.5  (v i v i )= +                                         (2.11)  
                                                                       
2.4.4 DFIG Converters and controls   
Rotor side converter (RSC) and grid side converter (GSC) are the two main converters 
in DFIG. These two voltage source converters achieve the power exchange between 
the grid and the rotor. In both steady state and transient conditions, behavior of the 
DFIG is effectively governed by these converters and their respective controllers [39]. 
The stator winding of the DFIG is directly connected to the three-phase grid and the 
rotor windings are connected via a back-to-back converter. Back-to-back converter 
comprises RSC and GSC connected to a common DC bus. At grid side, the stator 
windings are supplied with three phase voltages of constant frequency and magnitude. 
In contrast, rotor windings are supplied with three phase voltages of variable frequency 
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and the magnitude, which are dependent on the rotor mechanical speed. During normal 
operations, the stator supplies power to the grid. For the rotor circuit, at super 
synchronous speed, the power is exported to the grid and at sub synchronous speed the 
power is fed back to the rotor circuit using the converter circuit. 
2.4.5 RSC and GSC control objectives 
RSC controls both the active and reactive power of the stator of DFIG to the grid. The 
common bus connected between the two converters will act as energy storage element 
and contributes for smooth power flow. At stator, active and reactive power can be 
controlled independently by the rotor injected currents. Under the given operating 
conditions, the main control objective of the RSC is to capture the maximum extent of 
power from the wind. By controlling the electromagnetic torque Te , rotor operates at 
the optimal speed given by the maximum power tracking characteristics [40, 41].  
The aim of GSC is to provide path for the exchange of active power between the RSC 
and the grid in both directions by regulating the DC link voltage. During steady state 
condition, the current drawn by GSC exactly matches with the current injected by GSC 
[30]. Under sub synchronous speed operations, GSC draws power from the grid and 
feeds to DC link to compensate the DC link power observed by the GSC and this 
phenomenon is reversed during the super synchronous speed of operation by injecting 
the power from the RSC to the grid. Along with the capability of independent reactive 
power capabilities of RSC, GSC also provides additional reactive power support 
mimicking the operation of a STATCOM using the DC link between the two 
converters. As RSC controls the active power, reactive power and the electromagnetic 
torque, it is worthwhile to investigate the controllability of  Ps, Qs and Te by using the 
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reference frame theories to analyze the roles of  rotor currents in controlling Ps, Qs and Te. Appendix A presents the dq reference frame theory for RSC.           
2.5 Solar PV system 
Figure 8 shows a typical solar PV system connected to a power grid. The main 
elements in solar PV system are PV array, diode, DC-link capacitor, voltage source 
inverter (VSI), harmonic filter and transformer. VSI in solar PV system converts the 
DC power in to AC maintaining the sinusoidal voltage and equivalent grid frequency. 
Reverse current flow from the PV can be blocked by means of the diode. The main 
purpose of the harmonic filter is to suppress the harmonic components other than the 
fundamental frequency [42].   
 
Figure 8  A typical Solar PV system connected to power grid [42]                
2.5.1 PV cell equivalent circuit 
PV cell transforms solar energy in to the electric energy and the generated electrical 
energy is varied based on the operating factors, geometric location, level of irradiations 
and ambient temperature of solar PV. Figure 9 shows the current source model of solar 
PV.  From the circuit, Iph represents the photocurrent of the cell, Id is the reverse 
saturation current of the diode, Rsh and Rs are the intrinsic shunt and series resistance 
of the PV cell respectively. A group of PV cells are assembled to form a group of PV 
arrays in series and parallel combinations for generating indispensable solar energy. 
Output current (I) of PV cell can be expressed as in equation 2.12. Here, IPh is the 
PV ARRAY VSI FILTER TR POWERGRID
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photon current, ID is the diode current and Ish is the leakage current    through shunt 
resistance Rsh. 
                                           L D sh I = I – I – I                                                             (2.12) 
 
Figure 9  Simplified model of PV cell [42] 
The open circuit voltage (VOC) can be expressed as per the equation 2.13. According 
to I-V characteristics, equation 2.14 shows the Shockley diode current  and equation 
2.15 represents the current output [43, 44]. 
                                                    OC RS V  =  V + I                                                           (2.13)   
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 Here, I and V are the output current output voltage of PV array, Ns is the total number 
of cells connected in series, Ns is total number of parallel modules, A is the cell 
deviation factor determining the deviation from the ideal characteristics of PN junction 
and typically the value of ‘A’ lies between 1 to 5.’Q’ is charge of electron; ‘K’ is the 
Boltzmann constant.   
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Figure 10 I-V and P-V curve for a solar PV module [45, 46]        
Figure 10 shows the  I-V curve can be drawn between maximum open circuit voltage 
(Voc) and the short circuit current (Isc) of a PV cell [47-49]. The maximum power 
calculation shown in equation 2.16. 
                                       max SCmax OCmax× P = I V                                                      (2.16)                     
2.5.2 Solar PV converter topology 
Classification of PV converter topology using number of power processing stages, 
location of capacitors, grid interface category and use of transformer. Figure 11 shows 
the typical solar PV converter topology. Considering the cascaded power processing 
stages, converter topology of the solar PV has been categorised in to three types: Single 
stage, dual stage and multi stage. In single stage , PV inverters with AC/DC converters 
are considered whereas in dual stage converter topology is implemented with DC to 
DC converter followed by a DC to AC inverter [50, 51] . MPPT tracking, voltage 
amplification and grid current control are the major tasks that a single stage inverter 
must handle and this configuration can be useful for centralised inverter. In case of 
dual stage converter, DC/DC converter exhibits MPPT and DC/AC is solely dedicated 
to control the grid current by means of PWM, SVM [50]. In the multi stage, all the 
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DC-DC converter are connected to the common DC-link of a DC/AC inverter (based 
on standard variable speed technology) controlling the grid current. 
 
Figure 11 Solar PV topology with control [52] 
DC boost converter is widely used for the PV integrated power system due to its low 
cost, simple structure and higher efficiency. It consists of an inductor (L), insulated 
gate bipolar transistor/metal oxide semiconductor field effect transistor 
(IGBT/MOSFET) switch, diode, and capacitors at the input and output of converter. 
The maximum power extracted from PV source depends on the implemented MPPT 
control algorithm which aims to adjust the duty cycle of the switch in the DC boost 
converter [53]. 
 
Figure 12  Grid interface model of solar PV inverter 
Figure 12 represents the equivalent circuit of a solar PV inverter and according to the 
current flow direction from DC to AC, the voltage balance equation of the power 
inverter can be expressed as per the equation 2.17.  
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                                abcABC abc s abc s
di  V  V   R  i  L  
dt
= + +                                             (2.17) 
2.5.3 PV inverter control block  
PV inverter control mainly consist of two control loops , DC voltage control and 
current control [20, 49] shown in Figure 13. Detailed control structure explanation on 
PV inverter is presented in Appendix A. Considering the voltage balance equation, 
voltage equations of PV inverter can be represented in dq form as follows:  
    dd_pv d d q
diU  =V + Ri  + L + ωLi
dt
                                              (2.18)   
     
q
q_pv q q d
di
U  = V + Ri  + L + ωLi
dt
                                                                  (2.19) 
 
Figure 13 PV inverter control block                          
Where, Ud_pv, Uq_pv are the inverter output voltage signals, id and iq are the inverter 
output current components, Vd and Vq are the inverter output voltage components, ω 
is the angular frequency (rad/sec), R is the resistance and L is the inductance between 
inverter output and network. As per the control configuration of voltage control loop, 
DC voltage controller regulates the DC bus voltage and generates idpv_ref expressed as 
in equation 2.20. Similarly, current loop with the inclusion of cross coupling term and 
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feed forward voltage facility, the inverter output voltage signals of current control loop 
can be expressed as per the equation 2.21. 
                                      ( )idpv_ref p dc_ref dci = k + V -k  Vs
 
  
                                               (2.20) 
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               (2.21) 
2.6 Impacts of RE integration  
Conventional power networks operates with standard power supply and ensures safe 
operation conditions for end use equipment. Such conditions are technically referred 
as power quality (PQ) requirements, which are defined by the state supply authorities 
or from established standards. Large-scale integration of wind and solar PV in to grid 
pose several potential challenges for modern power system and rigorously impacts the 
PQ of the system based on the network design and grid connection characteristics. 
Solar PV and wind are the most promising RE sources and have the potential to satisfy 
the load dilemma to some degree using various control modes. Though energy 
production using wind and solar PV is pollution free and eco-friendly, integration of 
these resources in to grid has become a major concern due to various PQ issues. For 
instance, with the integration of solar PV and wind in to the grid, output of 
conventional power plant needs to be adjusted regularly to subsist with fluctuations in 
output at distribution side. Hence, it is vital to analyze the various impacts of solar PV 
and wind integration on grid, analyzing different PQ issues. 
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Figure 14 Impacts of wind power on power system on time scale basis[54] 
Impacts of wind power on power network can be categorised based on short term and 
long-term variations of wind. Most of the short-term variation effects are related to the 
system balancing having a time scale from milliseconds to minutes and to hours. Long-
term variations of the wind will affect the network leading to power quality issues. 
Various impacts of wind integration in time scale of power systems is reviewed in [28]. 
For successful wind integration in to grid  an extensive focus and analysis is required 
in various areas such as power quality and the requirements of the grid codes, 
capabilities of WT, design and the operation of the considered power system, issues of 
grid infrastructure, redesign issues of the market and other institutional issues[28]. 
Figure 14 shows the different categories of impacts of wind power on power system 
on times scale basis. Among various power quality issues, voltage level variation is   
one of the most common issue during integration and sometimes this could be the 
limiting factor for the installed wind power capability. 
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Figure 15 Technical impacts on PQ 
 
Similarly, solar PV system imposes certain technical challenges to the utility grid with 
change of penetration levels. The impacts of solar PV integration majorly depends on 
the size of the installed PV system and its location. According to the IEEE standard 
929-2000, PV systems are classified in to three categories based on their ratings: Small 
PV systems rated at 10 KW or less, intermediate PV system rated between 10 KW and 
500, large PV systems rated above 500 KW. Small and intermediate PV system are 
usually installed at the distribution level where as the large PV systems are installed at 
transmission side [55]. During large PV system integration, some of the anticipated 
impacts on transmission/sub-transmission are severe voltage power, frequency, 
fluctuations, increased ancillary requirements and stability issue. Similarly, in  case of 
small and intermediate PV integration, common impacts on distribution networks are 
excessive reverse power flow, overvoltage, voltage control, power loss, phase 
unbalance issues, excess reactive power requirements, electromagnetic inference 
issues, difficulty of islanding detection, other PQ issues etc. Figure 15 shows some of 
the technical impacts of PQ on grid etc. The following section explains the impacts of 
wind and solar PV in detail.  
Technical Impacts on PQ
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Figure 16 Voltage raise due to clustered PV[56] 
 
2.6.1 Voltage variations   
Among different PQ issues, voltage variation is one of the major issue while integrating 
wind and solar PV in to the network. When the integrated RE power is equal to the 
load demand, no severe variations in voltage profile can be witnessed in the network. 
On the other hand, when the generated power of the DG source is higher than the load 
demand, voltage raise or over voltage will be occur due to the reverse power flow [57] 
and this reverse power flow reaches peak if the DG is supported with reactive power 
utilization. Figure 16 shows the voltage raise effect due to clustered PV. Voltage sag, 
swell, flicker, surges in voltage level are some of the voltage issues that can be 
considered during RE integration in to grid. An extensive variation of load current in 
the network is the main reason for the occurrence of the voltage flicker. Generally, 
flicker emission from the variable speed turbines has less impact on the system due to 
low level of flicker emissions compared to the fixed speed turbines. The most common 
allowable change in voltage as a function of frequency is given by Psty=1[17, 58] . Here 
Psty is the severity value of the short-term flicker. 
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2.6.2 Reactive power imbalance  
Reactive power imbalance is one of the major issues among various PQ issues. 
Reactive power imbalance persists in the network due to many reasons such as 
inadequate reactive power support from RE elements under higher penetration [59]. 
Intermittent nature of the RE generation with variations in low load demand would 
intensify the scenario for voltage variations leading to reactive power imbalance in the 
network. Consumption of reactive power by IG is a common problem, which affects 
the power quality of the grid. In addition, reactive power injection of DG is not solely 
depended on the natural generator but also on the control capability characteristic of 
the power electronic converter used in the design configuration [60]. Irregular 
generation of reactive power and improper maintenance of power factor will tend to 
voltage variations in the network.  
2.6.3 Power factor (PF) 
   In general, a grid operated PV systems strictly operate at unity PF and the PV system 
produces 100% active power and will not aid to any reactive power. Hence, grid should 
supply excess reactive power to maintain optimum PF as solar PV does not support 
any reactive power. Thus, in such networks grid must still supply additional reactive 
power to maintain an optimum PF as solar PV does not support any reactive power. 
During this scenario, regular power flow of the system will have deleterious effect and 
might unbalance the power in the network implying insufficient transmission. In 
addition, inductive machines in WG absorb reactive power from the system and results 
in a poor PF. If this trend continues, the power system will become highly unstable and 
deteriorates the normal behavior of the system [60, 61]. 
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2.6.4 Unbalance voltage (VUF) and Neutral current (IN) 
An unbalance in the network can result in excess generation of reactive power, mal 
function of protective system, functioning of power metering devices could be de-
rated, reduced life span of electrical and electronic appliances, power loss etc. With 
the impact of triple harmonic current, voltage unbalance triggers the thermal stress for 
variable speed drive (VSD) electronic components. Further, under current unbalance 
condition, negative sequence component appears excessively and amplifies the net 
current in one phase and decreases net current in other phases contributing to current 
losses and overheating. In addition, due to the impact of unbalance, excess neutral 
current will contribute to overloading of the distribution feeder and transformer with 
excess heat loss [62, 63]. To evaluate the unbalance voltage and current in the network, 
the most commonly used are International Electro-Technical Commission (IEC) and 
National Electrical and Manufacturers Association (NEMA). The following section 
will provide the details of calculation for both the method. According to IEC method, 
VUF and IUF can be calculates as per Equation 2.1 and equation 2.2. 
                                        -
+
V VUF = %
V
                                                            (2.22) 
                                         -
+
I IUF = %
I
                                                            (2.23)                                                                                        
Where, V+ and V- represent the root mean square (RMS) values of positive and 
negative sequences respectively. According to NEMA, VUF [64] can be calculated 
using equation 2.3. 
                                          n
p
V VUF = %
V
                                                          (2.24) 
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Here, vAN , vBN, and vCN, are the line voltages, and vM is average values of  vAN , vBN,   and 
vCN and  IN   is calculated as per equation 2.4.2. 
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  Where, THD is total harmonic distortion, IA, IB, and IC are the phase currents, Ih2 is the 
second current harmonic, Uh2 is the second voltage harmonic, Ihn and Uhn are the 
current  and voltage harmonics at highest order. Here, ‘h’ represents “harmonics” and 
‘n’ represents, “order of harmonics”.  
2.6.5 Harmonics 
In case of grid connected PV systems, inverters innately produce current harmonics at 
the collector bus due to the internal switching of the converter insulated gate bipolar 
transistor. If this exists for longer duration and in addition if the system is not well 
tuned, the presence of additional current harmonics will force solar inverters to trip off 
and create unrequired heating of cables and transformers leading to system losses. The 
situation will fortify the impact and worse the system if there are background 
harmonics on the grid exists [65]. Moreover, inverters used for conversion of DC 
current to AC current will inject voltage harmonics and current harmonics to the 
system and will result in power harmonics. As the number of inverters increases the 
system becomes highly unstable and unreliable due to the overheating of capacitor 
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banks and transformers [66, 67].  
2.7 Review on power quality (PQ) analysis  
DG with RE sources can significantly influence the above mentioned aggregated 
impacts and will enhance the technical difficulties and enhance PQ issues when 
connected to the distribution network without appropriate control of DG sources. All 
over the world, there are many research literatures available on impacts of various 
scenarios on PQ factors in RE integrated power network. In Australia, Lewis[68] 
studied the impacts of PV systems in the distribution network and from this case 
study, it was found that with 78% PV penetration, the voltage level at the load side 
was comparable to the voltage at LV distribution transformer maintaining voltage 
consistency. Ali’s [56] research study on impact of high penetrated GCPV system on 
distribution network in UK portrayed that with 25% and 50% PV penetrations, the 
voltage at LV nodes are maintained within the statutory limits (+1.1 and -0.94 p.u) 
whereas with  100% PV integration the observed voltage levels were above the 
statutory limits of the nominal voltage. 
N.Srisaen and A. Sangswang [69] conducted an extensive research on grid connected 
PV system with 10% and 25% PV penetration levels with respective to the load on 
distribution side. From this analysis, it can be clearly seen that there was a rise of 
voltage level of around 0.996 p.u when the penetration level changes from 10% to 25% 
regardless of their installation locations. In addition to the voltage variations, the 
observed difference between maximum and minimum system losses at 25% 
penetration level is in the order of hundred kilowatts compared to tens of kilowatts for 
the case of 10% penetration. Berk Rona, Onder Guler [70] enormously analysed the 
impacts of wind on Turkey power grid and from their case studies it can be effectively 
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confirmed that the role of reactive power control of the wind turbine in maintaining 
the voltage levels of the network is crucial to maintain the voltage proportionalities as 
per the installed capacity of the wind turbine. Moreover, case studies of Shafiullah [71] 
showed that with increased PV penetrations in residential distribution network there 
was a gradual voltage raise and harmonic distortion at LV nodes and the integration of 
optimised STATCOM and energy storage improves the overall power quality of the 
power network. In [72] voltage regulations issues were dealt on a public service 
company :Oklahoma system, considering the cloud effect over an area with high PV 
penetration levels. From the authors research study it was concluded that at penetration 
levels of 15%, cloud transients were found to be significant. However, the observed 
power swing issues were solvable at the system level, and hence 15% was deemed the 
maximum system penetration level.  
In [73] Thomson and Infield found that at 50% penetration distribution system losses 
were reduced below the base case values, largely due to the of reductions in 
transformer loading. Voltage dips due to cloud transients might be an issue at 50% 
penetration, and authors suggest further study of this issue is required to analyse the 
further consequences. In [74] a network was modelled in PSCAD using common 
feeder characteristics and investigated potential voltage rise issues in the network with 
0% to 11.25% and up to 75% LV transformer capacity penetration. Results of this 
research study indicated that the PV penetration level should not adversely affect the 
voltage on the grid when the distributed PV resources do not exceed an average of 2.5 
KW per household on a typical distribution grid. Variations of wind speed results in 
power variations causing voltage fluctuations and also injection of harmonics in to grid 
may also create voltage distortions at PCC, was well explained in [66, 75]. From [76], 
34 
 
it was observed that with a combination of SVC and 24.55% of wind penetration level 
the observed transient and voltage stability in the network are in stable condition. 
Results of [77] , analysed level of voltage and power variations in grid during solar PV 
and wind integrations.  
Above literature indicates that there is an extensive need to estimate and quantify the 
PQ impacts in a RE integrated power network in order to apply and monitor appropriate 
control measures under different network scenarios. The level of integration of wind 
and solar PV supplies in distribution networks is materially restricted by the voltage 
management philosophies that were applied when networks were constructed. 
Moreover, to the author’s knowledge, most of the above research works 
considered only one RE resource (either solar PV or wind ) while analysing and 
quantifying the PQ impacts and very little focus has been made on hybrid (wind 
+ solar PV) RE integration. In addition, most of the recent research works 
focussed on one particular network condition. However, in real time, it is required 
to monitor PQ impacts considering various network scenarios such as change in 
level of RE integration during short or long-term wind variations or cloud effect 
on solar PV, load changes and other transient conditions of the network. 
Integration of wind and solar PV rigorously effects the PQ of the system severely due 
to their combined cumulative intermittency nature considering various transient 
conditions in the network. Hence, this research takes an opportunity to address the 
above potential challenge with the following research question. 
• What are the impacts of various network conditions on PQ factors in a 
hybrid RE (wind and solar PV) integrated power network? 
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Integration of wind and solar PV in to grid is one of the potential challenges for modern 
power system since it effects the PQ of the system extremely based on the network 
design and grid connection characteristics. Therefore, it is clear that the first step 
towards understanding the level of PQ impacts in RE integrated power network is to 
develop a hybrid RE based power network and quantify the level of impacts under 
different conditions using simulation and experimental approach. The current research 
analysis fulfils the above research question in chapter 3 and chapter 4.  
  2.8 Voltage regulation in RE based DG network  
Operation of conventional DG system is based on unidirectional power flow from HV 
network to end users connected to MV and LV network feeders. Variations in power 
demand are compensated at transmission level and the distribution network distributes 
power while maintaining the voltage and current within the allowable limits. On load 
tap changers (OLTC), synchronous condensers, shunt capacitor banks are some of the 
traditional voltage regulators that are used for compensating the voltage levels at 
distribution sides. Hence, voltage regulation in traditional distribution network is 
relatively simple and typically involves generic voltage regulators.  
 
Figure 17 Bidirectional power flow with DG integration[78] 
In case of RE based DG networks, when the injected power of DG is equal to the load 
demand, no severe variations in voltage profile can be witnessed. On the other hand, 
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when the generated power of the DG source is higher than the load demand, voltage 
raise or over voltage will be occur due to the reverse power flow [57] and this reverse 
power flow reaches peak if the DG is supported with reactive power utilization. Figure 
17 shows the bidirectional power flow with DG integration. Coordination of DGs with 
conventional voltage regulation equipment is based on predefined control hierarchies 
and identified as one of the challenging issue in the modern power generation and 
distribution. With the increased penetration of RE based DGs, possibility of 
bidirectional power flow occurs resulting overvoltage and may cause severe 
interference with the conventional voltage regulators. Moreover, voltage control 
cannot be solved by the conventional voltage regulators alone due to their slow 
behavioural characteristics while responding to the local voltage control 
commands. Nevertheless, level of voltage variations is one of the limiting factor 
for installed wind power capability in case of wind based DG network. Despite 
differing reasons, voltage control in RE based DG network is a key issue, which 
cannot be ignored while integrating RE sources in power network. Therefore, it 
is clear that following research question must be answered. 
• How to provide active voltage regulation in hybrid RE network in grid 
supporting mode under steady state and transient conditions? 
2.9 Previous research works on voltage regulation in RE based DG 
network  
   Dynamic reactive power from DG sources has been extensively researched in recent 
years. In [79], authors proposed a control and coordinated algorithm for voltage control 
using state estimation (SE) based OLTC and reactive power compensation (RPC) for 
voltage regulation in distribution system with wind integration. However, solar PV has 
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not been consideration during this analysis and hence authors findings were only 
limited to wind integration. Multiple correction methods were proposed in [80] using 
iterative algorithm for voltage regulation and authors have utilized the full reactive 
power support from one of the PV’s maintaining the required PF. However, this 
method of approach is involved with extensive communication techniques. A 
decentralized voltage control is achieved in a distribution system using  PV inverter 
control [12]. Here, the reactive power control function of the inverter sets the optimal 
control references based on the determined function, correlation between the self-
information of the inverter. Authors from [81-84] evaluated the coordinated 
relationship between the voltage profiles, active and reactive power values required to 
implement the effective control action of DG’s using sensitivity analysis.  
Table 1 Existing volt/var methods 
Method of control Advantages Disadvantages 
Local  Low cost, scalable, less 
communication requirements 
Negative interaction between devices, high 
safety margins, may not be able to handle 
DG integration 
Centralized More effective compared to local 
control, safety margin is low with 
flexible remote measurements 
Requires high communication, sensitive to 
feeder configuration changes and operation 
needs, no coordination among regulation 
devices, integration of DGs is complex.  
Model based Highly coordinated, insensitive 
to changing operations in the 
system, optimal solutions, 
handles DG integration well 
Control system design for the whole 
network increases the complexity of the 
system, high implementation and operation 
cost. 
Contributions from [85] provides a centralized/decentralized strategy to analyze the 
reactive power set point estimation by considering the impact of other nodes in LV 
network integrated with PV modules. A coordinated voltage control (CVC) scheme 
was proposed in [86] using the master/slave operation through reactive power 
coordination in the network. In [78] integration of actively controlled DG’s with the 
Volt/VAR management system using  multi-layer control approach is proposed in 
small geographical zones contributing voltage regulation while curtailing the 
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complexity and the data managing capacity. An effective methodology for static and 
dynamic VAR planning is proposed in [87] for enhancing the dynamic voltage stability 
of distribution network with wind integration using shunt capacitor and D-STATCOM. 
Authors in [11] proposed a Hybrid Joint Programming (HJP) to Volt/Var/Total 
Harmonic Distortion (THD) control using multi objective genetic algorithm in a 
distribution network with PV and combination of OLTC, switched capacitor (SC), 
feeder capacitor (FCs). Authors [88] investigated STATCOM performance for voltage 
and reactive power control in a decentralized hybrid power system (wind, synchronous 
generator) using various tuning methods. Moreover, while analyzing fault in the 
network, authors in [89] had adopted an enhanced field oriented technique (EFOC) for 
RSC of DFIG with the coordination of D-STATCOM. Improved performance of the 
decoupled DFIG strategy presented in [90] envisaged the coordinated control 
operation of GSC-STATCOM (GSC operated as a STATCOM) supporting the 
reactive power demand of IG and enhancing the local voltage during fault condition. 
In [91], static VAR compensators or static synchronous compensators (STATCOMs) 
were utilised to support additional  reactive power into the grid under the grid faults. 
                                      Table 2  Existing research works on voltage regulation-overview 
Review                  Voltage control through Integrated RE source 
Ref [79]        RPC from wind and OLTC  Wind 
Ref   [12, 80, 85] Decentralised control using RPC from solar PV  Solar PV 
Ref [ [81-84] Decentralised active and reactive power regulation 
based on sensitivity analysis 
Wind /solar PV 
Ref [11] Hybrid Joint programming approach to coordinate 
reactive power among solar PV, SC and FC 
Solar PV 
Ref [86] Dynamic master/slave control approach with 
OLTC and DG 
Wind/PV/ diesel 
generator 
Ref [78] Decentralised adaptive zone based volt/var 
management between DG and conventional 
voltage regulator   
Wind/solar PV 
Ref [87] Static and dynamic VAR planning Wind/D-STATCOM 
In summary, dynamic reactive power support from DG sources has been extensively 
researched to address the voltage control issue. Most of research works were on stand 
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alone, centralized or model based controls and thus prone to limitations such as 
complexities in handling DG integration, high communication and technical 
challenges (such as system efficiency and robustness). Table 1 summarizes the existing 
volt/var control method’s advantages and limitations. Moreover, literature review on 
voltage control summarized in Table 2 focuses on utilizing reactive power reserve 
either from PV inverter or WG or with a combination of RE sources with the FACTS 
devices/conventional voltage regulators devices only for voltage control. Further, 
considering increased penetration of DG sources, the above research works were 
limited to their own findings with decentralized approaches. To the author’s 
knowledge, very limited research works has been focused on the management 
schemes while improving the voltage profile using active network management 
schemes in terms of reactive power compensation under normal and transient 
conditions. Moreover, no work has focused on a common active management 
strategy addressing the voltage regulation issue under different scenarios such as 
load variations, change in wind and solar PV penetration level, fault condition. 
Hence, control and coordination of optimum reactive power dispatch among 
various DG sources is utmost important in a grid tied hybrid RE network coupled 
with FACTS devices for voltage regulation at PCC. Among different active 
management strategies, reactive power management (RPM) strategy is a key 
technique, which cannot be neglected in hybrid RE based DG network since it requires 
a coordinated control strategy for initiating the inverter control actions among various 
DG sources and other voltage regulation devices connected in the network. This 
research has been aimed to propose a novel RPM technique in extended way  with 
active control and coordinated reactive power dispatch strategies for steady state and 
transient conditions and thus different from the previous works. 
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Addressing the above research question, novel control and active management 
coordination strategy for voltage regulation is proposed in Chapter 4 .The contributions 
of this novel RPM strategy are: 
• Effective utilization of reactive power from wind and solar PV with 
appropriate reactive power dispatch control for voltage regulation at PCC. 
• Coordination of reactive power dispatch among wind, solar PV and the D-
STATCOM under steady state and transient condition.  
• Voltage regulation at PCC without deteriorating the PF level of wind and 
solar PV elements.  
• Reduce the excess burden on D-STATCOM by using the existing DGs in 
the network for reactive power support and thus support less dependence on 
FACTS devices. 
• Abrupt voltage drop in the network due to fault can be compensated and 
hence remain in compliance with Australian grid code requirements. 
2.10 DFIG under fault condition 
Direct connection of stator terminals to grid has made DFIG very sensitive to grid 
disturbances especially under fault conditions, creating severe voltage instability on 
utility grid. Large voltage variations will impose serious restrictions on stator circuit 
of DFIG such that stator flux may not follow the immediate variation of stator voltage. 
Due to this, stator flux remain stationary and create a large slip between stator and 
rotor. This will affect the system negatively resulting over voltages and over current in 
the rotor circuit. Domination of over current has adverse effects on power converters 
leading to equipment damage, increase in DC-link voltage and uncertain active 
reactive power oscillations. As a result, WG will disconnect from the grid due to severe 
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stability issues. A practical example of this incident experienced in the Western 
European outage on 4 November 2006, resulted in losing 4892MW of wind power 
generation [92].  
 
Figure 18  Typical voltage reactive power curve [87] 
During fault or under low voltage disturbance condition, disconnection of WT is 
unacceptable if wind power constitutes a significant part of total network generation. 
With the increased penetration of wind energy in to grid, most of the countries have 
imposed certain grid connection codes on wind power networks such that WT should 
remain connected to the grid during and after fault [93, 94]  maintaining reliability. 
Such requirements are usually referred as low voltage ride through (LVRT) grid code 
standards. LVRT grid code standard set by power utilities specify a minimum voltage 
profile that a wind farm should be able to ride through the fault to stay connected [95, 
96]. Figure 19 shows the typical LVRT curve and the imposed LVRT by Western 
power grid in Australia. 
Although DFIGs are fully grid code complaint, there exists the potential for significant 
reduction/variation in power such as the reactive power reserve remain uncertain and 
rather fluctuating under sudden voltage drop scenarios. As a result, it is tedious to 
obtain voltage-reactive power (U-Q) characteristics curve in advance for power 
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networks during those unpredicted transient conditions. Hence, U-Q curves become 
uncertain to determine a schedule for reactive power demands among various control 
resources [97]. Figure 18 shows the typical voltage reactive power curve. Thus, LVRT 
enhancement is one of the most crucial transient security issue, which need to be 
focused meeting the grid code requirements. Wind energy source being the primary 
contributor in the current research resource and knowing the fact that the converter 
power rating of RSC and GSC is relatively low when compared to the WT full power 
converter rating,  LVRT gains a special interest in the current research considering the 
stability issue of the system.   
 
Figure 19 (a) Typical LVRT [98]  (b) LVRT imposed by Western power grid code in Australia  [99]        
2.11 LVRT solutions for DFIG 
To enhance the LVRT requirement of DFIG, major issues that require attention are 
right dispatch of reactive power, over current in stator and rotor circuit, DC-link over 
voltage. To counteract the above issue and to enhance the LVRT capability of DFIG, 
the most common solutions are: 
• Employ a crowbar to short circuit the rotor terminals and isolate RSC from 
rotor circuit [100].  
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• Use a series dynamic resistors (SDR) which increases the stator or rotor 
equivalent resistance and there by limits over currents during fault. In addition, 
it also dissipates real power and controls DC over voltage and torque oscillation 
issues. 
• DC link chopper (chopper in parallel with the DC capacitor) usage such that 
excess active power will be dissipated in its resistor. 
• Dynamic voltage restorer (DVR) in series with the generator increases the 
stator voltage and thus rotor current can be maintained in permissible level.  
 
 
Figure 20  DFIG based WT with protective hardware [101] 
2.12 Previous research works on LVRT enhancement during fault 
condition 
Figure 20 shows the DFIG based WT with protective hard ware. In order to smooth 
the DC-link voltage, a chopper circuit and parallel capacitors were utilized in [102, 
103] . A bridge type fault limiter and dynamic breaking resistors were employed in 
[104, 105] to effectively limit the stator and the rotor over currents during fault. An 
advanced control strategy proposed in [93] effectively utilizes RSC and GSC without 
the need of the additional components like crowbar. A comprehensive LVRT control 
strategy is presented in [41] enhancing the reactive power support of DFIG during 
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severe voltage dips by further developing the control strategies presented in [93]. 
Results of this research study proved that with the proposed control strategy of RSC, 
the required reactive current has been attained and in addition, with the aid of the new 
compensation term of GSC control, rapid change in the terminal voltage could be 
easily traced enhancing the control operation of the proposed controller. Through 
active and passive compensators , an improved  FRT control strategy  for  RSC and 
GSC is presented in [106] considering symmetrical and asymmetrical grid faults. 
Results of this control strategy shown that the proposed strategy shows the improved 
performance of current, DC voltage and electromagnetic torque under fault condition. 
For a balanced fault, a demagnetisation control strategy is proposed in [107, 108] 
enhancing the LVRT capability of the DFIG in which the rotor current is controlled to 
track the stator current in the opposite direction with scaled proportion. The control 
scheme proposed in [109] using an enhanced PLL system, variable band vector based 
hysteresis current regulators (VBHCR) effectively controlled the output currents of the 
converters enhancing the FRT capability of DFIG. A robust internal  control mode 
(ICM) presented in [110], considering the power, voltage and speed response 
limitation of RSC and GSC of DFIG. To limit the rotor over currents, a new flux 
linkage tracking based control is employed in [111]  to track the reduced fraction of 
the changing flux and thereby enhancing the performance of the DFIG during fault. 
Improving the LVRT performance of DFIG, [112] proposed a virtual damping based 
flux-based control strategy for smooth electromagnetic torque, the surge rotor current 
suppression and to improve the system performance during transient times. A nine 
switch converter instead of conventional six switch grid side converters is proposed in 
[113] for seamless operation during all kinds of grid faults. 
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Table 3 Literature overview on LVRT enhancement 
Ref Approach to enhance  LVRT                       Details 
[102, 103] External hardware Chopper circuit and parallel capacitor  
[104, 105] External hardware Bridge time fault limiter and breaking resistor 
  [41, 93] control based Advanced control used for RSC and GSC 
 [106] External hardware Active and passive compensators 
[107, 108] control based Demagnetised control strategy  
[109] control based Enhanced PLL system, Variable-Band Vector-
Based Hysteresis Current Regulators (VBHCR) 
[110] control based robust internal  mode control (ICM) 
[111] control based Flux linkage tracking based control 
[112] control based Virtual damping flux based control  
[113] External hardware A nine-switch converter instead of conventional 
six-switch grid side converters 
 
Table 3 summarises various approaches followed by researchers to enhance LVRT 
capability of WT. From the above literature analysis, it can be evidenced that most of 
the presented DFIG control strategies under grid fault condition were associated either 
with complex control structures or with an external auxiliary device. Although FRT 
solutions fulfilled through hardware modification, these require additional converters 
for resolving such issues and thus increase the complexity and cost of the WT system 
resulting low reliability. In addition, with the available limited capacity of DFIG 
converters, these solutions can provide adequate response only under moderate voltage 
sags and they may not solely limit the grid faults under heavy fault condition 
considering weak grid without increasing the rating of the converters. Moreover, 
crowbar and DC link chopper are the most commonly used external devices in the 
industry among different schemes introduced above. Although these protect the 
converter, they cannot provide the grid code reactive power requirement (such as one 
imposed by Australian grid code) effectively since they convert DFIG in to IG which 
absorbs reactive power under fault condition. Further, blocking of RSC converter 
partially losses the power control and results in large transients after fault clearance 
and may lead to disconnection of the device. Considering the above limitations, the 
following research question has been raised. 
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• What is the optimal control approach adopted by DFIG under symmetric 
and asymmetric fault conditions and how to enhance its LVRT capability 
meeting Australian grid code requirements without using external 
auxiliary device?  
2.13 Advanced control techniques through optimization  
The sensitivity of DFIG to external faults and the complexity of additional hardware 
and control structures has motivated the current research towards optimization 
techniques. Moreover, due to the non-linearity of the power network and linearization 
issue, control of DFIG may not be performed effectively with conventional control 
technique. Hence, optimal control of DFIG has become a critical issue to enhance its 
LVRT capability under symmetric and asymmetric fault condition. Among different 
emerging technologies, computational intelligence (CI) base control structures has 
evolved a well know recognition in resolving power and energy based control issues 
evolving technical innovation into the field. Moreover, recent update from both power 
and energy community and CI community indicates that CI based control techniques 
can provide key technical innovations to this challenging problem. The techniques that 
included in this category are the Evolutionary algorithms (EA), Fuzzy logic controller 
(FLC) and artificial neural network (ANN). In addition, Particle swarm optimization 
(PSO), Bacterial foraging algorithm, Ant colony optimization (ACO) and Genetic 
Algorithm (GA) are the various optimization techniques included under this category 
[114, 115].  
Among various optimization techniques, FLC and PSO are the most common 
approaches employed in resolving various PQ issues of RE based DG network. The 
benefit of this fuzzy based approach in control design lies in the possibility of 
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implementing rule of thumb expertise, intuition and the fact that FLC does not require 
model of the process. Use of FLC can overcome the problems that persists in complex 
system configurations such as wind based DG network. In addition, variable reactive 
power control gains can be obtained in optimum level using FLC due to its insensitivity 
nature to parameter variation and hence can easily trigger the operation of LVRT 
enhancement. Moreover, it gives fast convergence with inaccurate and noisy signals. 
Similarly, PSO algorithm is well-recognized intelligent population based, stochastic 
natured optimization technique, which mimics the social behavior of group of fish or 
flocks of birds, or swarm of bees hunting food in specific a region. Optimization 
performance of PSO is independent of complexity and nonlinearity of the issue. Hence, 
this is one of the primary reasons for choice of PSO for the current issue. Moreover, 
when compared to other approaches like GA, PSO offers advanced enhances search 
capability restricting the premature converge issue. Further, PSO requires less 
parameters for tuning. Using both Fuzzy and PSO, a novel dual stage optimal control 
approach is proposed in this research to enhance the LVRT capability of DFIG under 
fault condition. Details of the proposed cost function formulation, general rules 
velocity update and other are presented in Appendix A. 
2.14 Review on soft computing based control optimization approaches 
to DFIG   
A fuzzy based control approach has been proposed in [97] to regulate active and 
reactive power of DFIG simultaneously while improving the FRT capability and 
meeting the Danish grid code requirements. However, in this analysis authors focus 
was mainly on voltage swell and imposed limits on reactive power was high such that 
only minimum amount of reactive power can be injected to the grid. A Fuzzy 
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optimization approach was presented in [116] for solving the volt/var control problem 
considering the uncertainties in load demand and wind speed with reference to the 
Taiwan Power Network. However, the authors main concern during this approach was 
on load changes and variations in wind. Considering hybrid fuel cell and wind energy 
resource, Malekpour et al [117] used a probabilistic approach to multi objective 
Volt/Var control problem  and proposed a fuzzy optimization method with max-min 
operator that exhibits solution for distribution companies considering economical, 
operational and environmental perspectives. An intelligent fuzzy control algorithm is 
proposed in [118] to extract the optimum power based on the supply demand 
relationship from a WECS by stabilizing the DC-link voltage of the wind controller. A 
prioritized coordinated reactive power control of WT involving STATCOM was 
proposed in Amir etal [119] using Fuzzy based approach with normalized simulation 
annealing algorithm.  [120] proposed an improved LVRT based control strategy to a  
2 MW DFIG system with dynamic voltage restorer (DVR) using adaptive fuzzy PI 
control. Using hybrid PID plus fuzzy logic control, a new damping controller strategy 
was proposed in [121] to effectively compensate the reactive power in a DFIG-based 
offshore wind farm using STATCOM which is fed to three-machine nine-bus system. 
Belmokhtar etal [122] proposed FLC based MPPT sensor less tracking method for 
wind energy conversion system in order to reduce the range of speed variation of WG. 
A control strategy using type-2 Fuzzy is proposed in RSC control of  DFIG based WT 
connected to a IEEE 34 bus system by varying the width of the footprint of uncertainty 
(FOU)  for improved power oscillation damping and voltage profile[123].  
A sensitivity analysis based optimal WT control is proposed in [115] using PSO by 
optimizing the uniformed dominate control parameters (UDCP) of multiple controllers 
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to improve the dynamic performance of DFIG. PSO algorithm was employed in [124] 
for optimally tuning the proposed wide area damping controller (WADC) for inter-
area oscillations damping in a16-bus six machine test system  while compensating for 
the time varying signal latency. [125] proposed  MPPT control of WT by direct 
adaptive Fuzzy PI and Artificial neural network (ANN)-PSO wind speed estimator for 
small WT . 
Table 4 Literature overview on Fuzzy and PSO optimization techniques 
Ref                         Issue           Optimization approach  
[97]           Voltage swell and sag under fault  Reactive power optimization in DFIG 
using Fuzzy meeting Danish grid code 
[116] Vol/Var control under load uncertainties Fuzzy optimum combination of tap 
position and on/off status of switched 
capacitor for Taiwan power network 
[117] Multi objective volt/var control problem Fuzzy logic based optimization 
[118] Power dispatch issue, distortions in 
converter current in grid tied hybrid 
generation system  
Fuzzy logic in PVs MPPT control  and 
PMSGs power converter control 
[119] Volatge deviations at WT conncection 
terminal during and after grid fault 
Reactive power coordination between 
DFIG and D-STATCOM using FLC and 
NSA  
[120] LVRT issue in DFIG based power network DVR control using hybrid PID and FLC  
[121] Stability issue in DFIG based OWF fed to 
multi machine system using STATCOM  
Damping control using hybrid PID and  
FLC in STATCOM under fault condition 
[123] Power oscillations and voltage variations 
under fault, load changes and variable wind 
speeds in DFIG based DN 
Fuzzy in DFIG converter control  
[115] Interaction of wind power with grid power 
issue  in large scale wind farm  
Optimized DFIG control using sensitivity 
analysis and PSO 
[124] Wide area inter-oscillations in DFIG based 
wind farm 
PSO based damping controller 
[125] MPPT isuue under load and  in small wind 
power generatior  
ANN-PSO in WT control and PMSG 
converter control  
[126] Active and reactive power variations in 
DFIG based WT 
Maximum power extraction by PSO tuned 
converter control of DFIG 
[127] Inefficient voltage quality due to lack of 
reactive power coordination in wind farm 
cluster  
Multi objective optimization model using 
RPC approach with PSO 
[128] RPM issue due to irregular reactive power 
dispatch in wind farm network  
Modified PSO for RPM among WT, 
STATCOM and capacitors. 
 
The performance of the indirect active and reactive power control of DFIG had been 
verified using PSO tuned gains in [126] formulating an objective function using 
integral time absolute error (ITAE). To improve the voltage quality, a multi objective 
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optimization model was proposed in [127] using PSO for a wind farm cluster in North 
East China. PSO combined with a feasible solution search is proposed in [128] in order 
to optimize the required reactive power dispatch of individual WT with a set point 
while minimizing the active power losses in the wind farm. 
Table 4 summarizes review on Fuzzy and PSO optimization technique and it can be 
evident that appropriate use of Fuzzy or PSO approaches resolved various technical 
challenges in the grid. Besides the qualitative and quantitative work being 
presented, most of the above optimization techniques were limited to own findings 
such as addressing voltage swell issue, power dispatch issue, power oscillation 
issue, damping control issue under various network conditions and mostly limited 
to turbine control. In addition, while addressing LVRT issue, most of the above 
research works were focused on control optimization of auxiliary device instead 
DFIG control. These solutions can provide adequate response only under 
moderate voltage sags and they may not solely limit the grid faults under heavy 
fault condition considering weak grid scenarios. Hence, it is clear that, further 
research is required on LVRT capability of DFIG considering its reactive power 
dispatch ability under fault conditions without using an additional hardware. 
Moreover, none of research works had used the proposed dual stage optimization 
technique using Fuzzy and PSO for RSC converter in compliance with Australian 
grid code requirements under symmetric and asymmetric fault conditions. Thus, 
this research works differs from previous works and plays a significant role in while 
improving LVRT capability of DFIG and voltage regulation at PCC. 
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2.15 Conclusions 
Literature indicates that conventional power system is a prime cause of global warming 
due to the emission of greenhouse gas in to environment. Thus, there is an emergent 
need to integrate RE sources in to grid in order to build an environmental friendly and 
sustainable power system. However, integration of RE in to power network is a 
challenging task due to their intermittent nature and will have significant impact on 
voltage level, power, harmonics and frequency in the network reducing the power 
quality. Appropriate design and efficient control of power electronic devices is 
required to ensure the system reliability, availability of power delivery, improve the 
voltage and power system stability. Literature review on PQ analysis presented in 
section 2.7 suggests that there is an extensive need to quantify PQ factors in hybrid RE 
based DG network. Most of the investigated PQ impacts were accounted with single 
sources of energy (either, solar or wind) but not with the hybrid energy model. Limited 
research has been conducted to explore adverse effects of the integration of large scale 
RE into power distribution networks and analysis was based on software simulations.  
Moreover, no work has focused on a common active management strategy, addressing 
the voltage regulation issue under different scenarios such as load variations, change 
in wind /solar PV penetration level and fault condition. Further, to the author’s 
knowledge, most of the presented DFIG control strategies under grid fault were 
associated either with complex control structures or with an external auxiliary device. 
None of research works has focused on dual stage optimization technique for RSC 
control without the use of auxiliary device meeting Australian grid code requirements 
under symmetric and asymmetric fault conditions. In conclusion, this research work 
identified the  following research questions. 
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• What is the impact of various network conditions on PQ factors in a hybrid RE 
(wind and solar PV) integrated power network? 
• How to provide active voltage regulation in hybrid RE network under steady 
state and transient conditions? 
• What is the optimal control approach adopted by DFIG under symmetric and 
asymmetric fault conditions and how to enhance its LVRT capability meeting 
Australian grid code requirements without using external auxiliary device? 
This thesis addresses the above research gaps and research questions in the following 
chapters through simulation and experimental approaches. 
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CHAPTER 3 
POWER QUALITY ANALYSIS IN A GRID TIED 
HYBRID RENEWABLE ENERGY POWER NETWORK 
3.1 Introduction 
Power system analysis is vital for generation, transmission and distribution of power 
systems. Power flow or load flow analysis is utmost important in judging the network 
stability and reliability and helps in planning and the operation criteria of the power 
system. It also supports the network in maintaining the system losses low. In addition, 
integration of solar PV and wind in to distribution network pose certain challenges 
to the utility grid with a need to analyse the PQ impacts in the network. This chapter 
investigates the power flow and quantifies the PQ impacts in a grid tied hybrid RE 
based LV distribution network comprising wind and solar PV. Due to the limited 
research exploration on such applications, the results of this preliminary analysis 
contributes knowledge and serves as an extended work on PQ quantification for a 
grid tied hybrid RE based LV distribution network. The highlights of this chapter 
were presented at “International conference of Sustainable energy and the 
Environmental Engineering (SEEE 2015) and “International conference on Power 
Electronics and Energy Engineering (PEEE 2015)”. 
This chapter is organized as follows: selection of PSS SINCAL and its features are 
outlined in Section 3.2. Section 3.3 explains the grid tied hybrid RE based power 
network model. Results and discussions are analyzed in section 3.4. Finally, section 
3.5 conclude the outcomes of impact analysis. 
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3.2 Key features of PSS SINCAL 
To develop a network model for power quality analysis, selection of a suitable 
simulation tool is crucial. Among different tools, PSS sincal is one of the best tool for 
power flow analysis as it offers wide range of module analysis and tools supporting 
planning, design and operation of power systems with large scale integration of RE 
sources. In addition, high level of optimal solutions were recognised using PSS 
SINCAL at generation, transmission and distributions sides of the grid. Moreover, PSS 
SINCAL also gained popularity in industrial grids while attaining same level of 
optimal solution under different applications through its modular and integrated design 
capability. Following are some of the key features of PSS SINCAL[129]. 
•  Assess the optimal load flow, harmonics, reactive power, load balancing, short 
circuit analysis and electromagnetic transients from large scale to small-scale 
network models. A wide variety of object-oriented models can be developed 
including simple balanced/unbalanced model and detailed user defined smart 
grid models for various applications.  
• PSS SINCAL supports frequency dependent enhancement and dynamic 
enhancement. Multiple isolated networks can be handled at same instance of 
time.  
• Graphical evaluation can be easily interpreted. Import and export of network 
models are supported extensively with excellent customized interface facilities 
(SCADA and GIS). Time domain analysis, protection simulations, small signal 
analysis, contingency analysis can be performed with ease of operation.  
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3.3 Network model steps - PSS SINCAL 
Considering the above features, current research uses PSS SINCAL for PQ impacts 
quantification and voltage regulation with load flow calculation method. Network 
model in PSS SINCAL is comprised majorly with three steps – data collection, 
network creation and impact calculations. The first step in designing a typical network 
is to define the required network level. Table 5 presents the typical network levels for 
grid, MV and LV distributions. In the second step, required elements are added in the 
workspace and connected with the selected conductor. A detailed discussion on 
network elements is presented in Appendix A2. Finally, for network impacts, standard 
limits were considered and the analyzed results can be compared under different 
conditions. This calculation helps in justifying the network design under best or worst 
scenarios and helps in predicting the future integration scenarios with the current level 
of integration of wind or solar PV in the network. 
Table 5 Voltage levels in typical power network 
Network feeder Nominal voltage (V) 
Substation In feeder (Grid) 66 KV 
Medium Voltage (MV) distribution 11 KV 
Low voltage (LV) distribution 0.415 KV 
 
3.4 Typical network model with grid tied solar PV and wind system  
Figure 21 shows the typical network design for voltage and the power flow analysis in 
a hybrid RE network with solar PV and Wind integration. Initially, basic voltage 
analysis is performed considering “only grid condition” (no PV, no wind ) and the 
results of this case study were used as  reference to compare the voltage levels of the 
LV network with the change of level of integrations of PV (50% and 100%) with 
respective to the connected load capacity. To further explore the impacts with RE 
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integration, the impact analysis is extended to grid with wind, grid with wind and solar 
PV, grid with only solar disturbance, grid with solar disturbance and normal wind 
integration, grid with only wind disturbance, grid with wind disturbance and normal 
solar, grid with both solar and wind disturbance. Considering all the above possible 
scenarios, developed LV network serves the purpose under best and worst case 
scenarios and thus preferred as generic model for PQ impacts analysis for grid tied 
hybrid RE power network .  
 
Figure 21  Typical power network with solar PV and wind integration-schematic view  
3.4.1 Network elements for the hybrid RE network 
The network elements considered for hybrid RE network model were AC in feeder, 
transformers, PV arrays, wind turbine and load group (LG). Each PV unit with 100 
KW rating has been considered for respective PV groups. Type-3 wind generator with 
reactive power compensation (PF 0.95 lagging to 0.95 leading) and voltage control 
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facility is implemented. Solar PV inverters are operated at unity power factor and 
hence will not participate in voltage control action during this analysis. The network 
configuration of the current model is based on the typical LV feeder configuration 
shown in Table 5. “AC in feeder” operating at 66 KV with a short circuit rating of 
1000 MVA has been considered as a main grid source for the modeled network. 
Typical line parameters are resistance: 0.692 ohm/ Km, inductive reactance: 0.131 
ohm / Km, and capacitance: 7.03 nF / Km has been considered for building a 22 KV 
network. The specification details of main transformer (MTX), distribution 
transformers with respective to wind turbines and solar PV (DTX-A, DTX-B), and 
specification of solar PV, WT and LV load groups are shown in Table 6 and Table 7 
respectively. In addition to voltage, power and harmonic analysis, this chapter also 
focuses on voltage improvement techniques with a combination of OLTC with 
respective to MTX and implementation of static compensator (SC) at appropriate LV 
bus nodes in the network. 
Table 6 Transformer details 
Transformer Capacity MVA Voltage ratio 
(KV) 
Total number 
MTX 32 66/11 8 
DTX -A 5 0.69/22 3 
DTX-B 2 0.415/22 9 
                                             
Table 7 Specification of Solar PV and Load 
Element Rated capacity 
of each group 
Operating PF Total number   of 
groups 
Solar PV 0.3MW 1 (unity) 4 
wind 2.2 MVA 0.95 3 
Load 0.8 MVA 0.9 (lagging) 9 
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3.4.2 Solar versus load profile 
PSS SINCAL has the flexibility to select different levels of solar irradiance in per unit 
value for a specific period. Based on the variation of the cloud pattern/disturbance, 
solar irradiation levels can be varied and this can be effectively implemented with 
specified patterns. Similarly, the data for the load can be entered in per unit value over 
daily series time frame, weekly, or yearly. Figure 22 shows a 24 hours typical solar 
profile and load profile. 
 
Figure 22   Load profile and solar profile 
3.5 Results and discussions  
Based on the daily load, solar and wind profiles voltage and power flow analysis has 
been extensively carried out for grid tied hybrid RE network model. Initially grid with 
normal solar PV and normal wind integration has been considered to analyze the 
impacts such as voltage level and power variations under different scenarios. 
Considering a real time scenario, disturbance in solar and wind profiles were 
implemented and respective impacts were quantified. From the network, it can be 
observed that node N25 is solar PV bus node close to the far end feeder and node N26 
is the extreme end node. Hence, voltage level have been quantified at far end of the 
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feeder nodes since the minimum voltage can be expected at these nodes during  peak 
load condition and severs as best nodes for worst case (no solar PV, no wind) PQ 
analysis. 
3.5.1 Case 1: Only grid  
Initially, “Only grid” condition is considered to the impact of the LV load on the 
network during mid-day. From the load flow analysis it can seen that the voltage level 
gradually decreases from source to the receiving point for the entire feeder. Node N26 
is the interested nodes for the current analysis and hence voltage level at the far end 
node (N26) of the feeder was depicted as 97% with a drop of 3% compared to the 
nominal voltage (100%) level. As there were no active RE sources in the network, 
voltage variations at the far of the feeder were comparable with the load demand. Due 
to extended line impedance impact of the feeder, active and reactive power losses are 
most common in DG network. Accordingly, the average active and reactive power 
losses were depicted as 0.0423 MW and 0.2057 MVAR respectively. Figure 23 
presents the voltage variations at the node terminals.  
 
Figure 23  Voltage variations with only grid condition 
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3.5.2 Case 2: Grid with 50% solar PV generation 
As residential load demand is increasing, integration of solar PV is essential to meet 
the growing demand at peak hours. With 50% PV integration (150 kW with each 
group) of the total loading (0.8 MVA), impacts were explored and it can be seen that 
the voltage level at the far end of the feeder was increased to 98.53% with a raise of 
1.53% compared to the “only grid “condition. This is due to the impact of increased 
solar PV penetration level in the network. Voltage variations with 50% PV integration 
is shown in Figure 24. In addition to the voltage variations, 50% PV integration 
decreases active power losses to 0.016 MW. On the other hand, reactive power losses 
were comparable to case 1 as the PV inverter had not contributed any reactive power 
since, operated at unity power factor. 
 
Figure 24 Voltage variations with 50% PV 
3.5.3 Case 3: Grid with 100% solar PV generation 
To further explore the impacts, penetration level of PV was increased to 100% (300 
KW on each group) of the total loading (0.8 MVA). The voltage variations at different 
LV nodes were compared with above two cases to analyze the level of voltage raise. 
From the load flow analysis, it can be seen that the voltage level at the far end of the 
feeder was observed to be 99.52% with the raise in 50% PV penetration level. Active 
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power losses were further decreased to 0.0085 MW compared to the above two case 
as there is a significant PV contribution compared to the grid source. On the other 
hand, reactive power losses were maintained constant as the PV inverter do not support 
any reactive power.                  
Table 8 Overview of voltage levels power losses at node N26 
S.NO         Case Voltage 
level  
Power losses 
 P(MW)  Q (MVAR) 
1 Only grid 94.7 % 0.0423 0.2057 
2 Grid with 50% PV 98.53 % 0.016 0.2057 
3 Grid with 100% PV 99.52 % 0.0085 0.2057 
In summary, Table 8 compares the voltage level and the power losses at the far end of 
the feeder (N26) with only grid and grid with PV integration. From the above analysis, 
it can be evident that there was a significant raise in the voltage level with 50% PV 
integration and this has been further increased during 100% PV integration. On the 
other hand, drop in active power losses were depicted because of increased solar PV 
penetration levels. No changes on reactive power losses were reflected, as there was 
no reactive power support from solar PV and thus remained same in all the cases.  
3.5.4 Voltage and current THD analysis 
In a grid tied RE network, voltage and current harmonics depends on the level of RE 
integration with respective to the connected load. In order to evaluate the acceptable 
voltage and current harmonic ranges, grid with 50% solar PV and grid with 100% solar 
PV integration were considered for investigation. From the Figure 25, it can be clearly 
noticed that voltage harmonics were increased with the increase of PV penetration 
level in the network. Average voltage harmonics at far of the feeder during 50% and 
100% PV integrations were identified as 0.46 and 0.95 respectively. Voltage 
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harmonics at far end of the feeder nodes were slightly higher than the nodes closer to 
grid. However, the level of voltage harmonics were maintained with in the allowable 
limit of AS4777 standard. As per AS4777-2005 [130] , current THD of inverter  should 
be less than 5% and with reference to AS/NZ 61000, voltage THD should be around 
8% [131]. The current harmonics with 50% and 100% PV integrations were noticed 
as 3.28 and 9.065 respectively. This is due to the cumulative effect of harmonic current 
injection from the all PV inverters during higher level of PV generation with reference 
to the full load current of load at bus N26. Figure 26 shows the current harmonics 
observed at solar PV connection points. From this result, it can be justified that the 
average current harmonics of grid with 50% PV integration were within the standard 
limits and suitable for reliable and safe operation without any power loss. On the other 
hand, current harmonics were deviated from the standard limits with 100% PV 
scenario. This is due to the dominated effect of higher PV integration with reference 
to the connected load.  
 
Figure 25 Voltage harmonics with 50% and 100% PV integration 
 
Figure 26 Current harmonics with 50% and 100% PV integration  
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3.5.5 Grid with wind integration 
This case considers the wind integration during peak load time and respective impacts 
were investigated using oonly grid, grid with solar, grid with wind, grid with solar  and 
wind were considered to quantify the extent of voltage and power variation the 
network. From the simulation results it can be clearly seen that during “only grid” 
condition, the active and reactive power from the grid side was observed to be 5550 
KW and 1000 KW respectively shown in Figure 27 . The voltage level was same during 
grid with solar condition as there was no active power contribution from solar PV 
during peak load (18:00) since there was no sunshine. 
 
Figure 27 Active and reactive power variations –grid only 
  
Figure 28 Voltage variations –grid with wind 
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During “grid with wind” condition, active and reactive power supply from grid was 
reduced to 1500 KW and 0 KVAR respectively, shown in Figure 29. However, the 
voltage levels from N25 and N26 were depicted as 98.7 and 97.4 respectively shown 
in Figure 28. This is due to the effect of active and reactive power contributions from 
all the three WT on respective nodes. For “grid with solar and wind” condition, the 
observed power from the grid side and voltage level at LV bus nodes were same as 
above condition. Table 9 summarizes the results presented in this section 
 
Figure 29 Active and reactive power variations –grid with wind 
  
Figure 30  Solar PV variations 
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Table 9 Overview on grid power and Node voltages 
Case Study Grid Power and Node voltage 
Grid Power Wind turbine Node Voltage 
(%) 
KW KVAR KW KVAR N25 N26 
Only Grid 5550 1000 NA NA 96.2 94.7 
Grid with Solar 5550 1000 NA NA 96.2 94.7 
Grid with wind 1500 0 4050 1000 98.7 97.4 
Grid with solar 
and wind 
1500 0 4050 1000 98.7 97.4 
        *Solar power is not shown in Table 9 as the simulations were considered during peak load condition 
 
 
3.5.6 Impacts during solar disturbance 
Minute level variation of solar irradiance affects the regulation of power generation 
reserve in the network [132]. A typical solar disturbance (11:00 to 11:40 hours) curve 
varying in minute level has been considered for this analysis, shown in Figure 30.  
 
Figure 31 Grid power variation with solar disturbance 
During only solar disturbance condition, the output power of each PV unit was varied 
from a minimum of 0 KW to a maximum of 82 KW. This cumulative effect of power 
variations from all the four groups of solar PV creates corresponding impact on grid 
active power. Consequently, active power variations of grid were varied from 2500 
KW to 3550 KW shown in Figure 31.  However, a negligible variation of reactive 
power was noticed since solar PV inverter was operated at unity PF. As a result, no 
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additional reactive power dispatch form PV inverters was devoted to stimulate the 
reactive power variation in the network. On the other hand, when WT were operated 
in the network along with the existing solar disturbance, grid reactive power variations 
were quite notable, shown in Figure 32. This is due to the effect of voltage variation 
on the control behaviour of the WT and thus changing the voltage control performance 
leading to reactive power variations. Moreover, WTs operated at high excitation, 
enhances the respective reactive power variations generated from each turbine. The 
cumulative effect of these power variations from all the three WTs creates a significant 
variation in the export level of reactive power at grid side and hence a variation of 900 
KVAR to 1850 KVAR was detectable in the current analysis. In addition, the export 
level of grid active power also varied based on the active status of the WT connected 
in the network.  
 
Figure 32  Grid power variation- solar disturbance and wind normal 
 
Figure 33 shows the observed voltage variations at LV nodes during solar disturbance 
condition. Cloud movement or various natural scenarios effects the regular solar PV 
irradiation levels and causes active power variations. The active power variation from 
solar PV disturbs the reactive power flow in the network. Consequently, a local voltage 
variation was observed at solar PV connection point. From the results, it can be 
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witnessed that minute level voltage variations at the far end of the feeders at bus node 
N25 and N26 were varied from 98.25% to 99% and 97.1% to 97.83% respectively. 
Thus, the power variations during solar disturbance had led to severe voltage variations 
at the far end of the feeder while meeting the load demand. However, for the current 
scenario, the level of voltage variations remained within the standard limit. When WT 
were operated in the network during solar PV disturbance condition, the voltage level 
was improved from 99.62% to 100.8% at bus node N25 and 99.62% to 100.8% at bus 
node N26. The active and reactive power variations have contributed to the voltage 
enhancement at the respective feeders and the level of voltage variations were in 
accordance with the power variations of solar PV. However, under low voltage 
network conditions, if large-scale wind or solar PV are integrated, the current 
phenomenon will adversely effects the network performance and create negative 
influence on supply and utilities deteriorating the PF level.  
 
Figure 33 Voltage variations during solar disturbance and normal wind 
3.5.7 Impacts in network during wind disturbance 
Due to the intermittent nature of wind, power generation of WT varies strongly with 
time over a wide range of time scales. From [28], it can be seen that "the wind power 
production varies very little in time frame of seconds, more in time frame of minutes 
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and most in time frame of hours". In this analysis, a minute level disturbance (11:00 
hours to 11:40 hours) has been considered and the respective power and voltage level 
has been quantified in the network during off peak period. 
During this case study, high level of active power variations were detectable from each 
WT when compared to reactive power variation since the output power of wind turbine 
is highly proportional to the wind speed during heavy wind gust scenario or a typical 
disturbance scenario. The active power variation of each WT was varied from a 
minimum of 170 KW to a maximum of 1480 KW shown in Figure 34. On the other 
hand, there were no significant reactive power variations as reactive power mainly 
dependent on the power conversion circuits of wind power system. Hence, observed 
active power variations form WT were severe compared to the reactive power.  
 
Figure 34 Power variations –wind turbine 
Considering minute level wind profile, the cumulative effect of all three wind turbines 
created a corresponding active power flow at grid side from a maximum of 900 KW to 
a minimum of 3000 KW. Moreover, slight reactive power variations form each turbine 
created notable reactive power variations at grid side from a maximum of -350 KVAR 
to a minimum of -700 KVAR. The overall grid power variation for 24 hours profile is 
depicted in Figure 35. In addition to the existing wind disturbance condition, if solar 
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PV were integrate at respective nodes with normal solar profile, active power at the 
grid side was varied from -1800 KW to 200 KW. No changes in reactive power 
variation at grid side as PV inverter operating at unity PF were not capable to support 
reactive power. 
 
Figure 35 Grid power variations during wind disturbance 
The variation of active power of each wind turbine affects the reactive power flow in 
the network. Variation in reactive power plays an active role to trigger the local 
voltages variation impact at respective bus nodes. As a result, significant voltage 
variations at LV bus nodes were detected as shown in Figure 36. The voltage level at 
node N25 and node N26 were observed to be varied from 97.8 % to 99.8% and 97.5% 
to 99.6% respectively. However, when solar PV modules were connected in the 
network an improvement in the voltage level was observed since solar PV contribute 
active power and hence stimulates the voltage level at appropriate nodes. The observed 
voltage variations from N25 and N26 were varied from 98.2% to 100.2 % at N25 and 
99.3% to 101.3% respectively maintaining the network standards. However, if large-
scale integration of wind or solar PV were considered under low voltage network 
condition, the current phenomenon will have serve negative impacts such as voltage 
collapse especially on rural feeders or far end feeders.  
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Figure 36 Voltage variations at LV nodes during wind disturbance 
3.5.8 Impacts during both solar and wind disturbance 
Considering both solar and wind disturbance at the same time (11:00 hours to 11:40 
hours) power and voltage variations were analysed in this scenario. During both “grid 
with solar and wind disturbance” condition, the active and reactive power variation 
from WT and active power variation from solar PV creates significant effect on grid 
power variation. Consequently, this results in severe voltage variations at LV bus 
nodes. During solar disturbance, total active power variation from all four PV groups 
was observed to be varied from a minimum of 0 KW to a maximum of 984 KW 
whereas there was no variation in reactive power since all PV’s were considered to 
operate at unity power factor. The phenomenon of power and voltage variations are 
similar to the individual disturbance conditions explained above, however, the effect 
of these variations were comparatively quite high for the current analysis. Significant 
active power variations of wind and the solar PV at the same instant will tend to 
support high active power variations at grid.  
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Figure 37 Grid power variations (maximum and minimum)- both PV and wind disturbance 
Due to wind disturbance, the overall active power and reactive power variation from 
all the three wind turbines was observed to be varied from 510 KW to 4410 KW and 
133 KVAR to 482 KVAR respectively. Reactive power variations were low compared 
to the active power as the reactive power is depended on the power electronic circuitry 
than wind speed as in the case of active power variation. With this increased impact, 
the corresponding grid power variation was varied from -1750 KW to 2750 KW and -
450 KVAR to -800 KVAR , shown in Figure 37. This power variation affects the 
regulation of energy supply and creates a situation for immediate requirement of power 
generation reserve at utility side. Figure 38 shows the overall grid power variations. 
 
       Figure 38 Overall grid power variations during both disturbances 
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Figure 39 Voltage variations at LV nodes during both disturbances 
Impact due to the solar disturbance created significant variation in the local voltage 
levels and affects the behaviour of WT’s voltage controller. In addition, impact of wind 
disturbance, will further triggers the control performance and as a result of this net 
effect, severe voltage variations at local buses was observed shown in Figure 39. 
Consequently, at the far end of the feeder the voltage variations at N25 and N26 were 
varied from 99.1% to 100.9 % and 97.8% to 99.8% respectively. This is due the 
combined effect of short term solar and wind disturbances in network. However, 
considering large-scale integration of solar PV and wind appropriate control measures 
are required to balance the reactive power reserve for voltage regulation at consumer 
end under different network scenarios. 
3.5.9 Unbalance Voltage analysis 
As per the daily load profile, during peak load period the voltage level difference 
between phase-A and phase-C was more compared to that of low demand period. The 
voltage level in phase-A was low around 95.2% whereas in phase-C was around 98.4%. 
Unbalance voltage analysis is calculated according to the equation (). From this 
analysis, voltage level was estimated and found to be within the standard (AS/NZS 
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61000.2.2) limit and was around 1.32%. This level of voltage unbalance will increase 
with increased load or with the change in RE penetration level. Excess unbalance 
voltage will have significant impact on induction motor rating capacity with excess 
heating and losses, increased thermal stress on variable speed drive (VSD) electronic 
components and power electronic devices in conversion systems, etc. Figure 40 shows 
the unbalance voltage analysis overview for the current case study. 
 
Figure 40 Unbalance voltage level 
3.5.10 Voltage enhancement with OLTC and SC  
Voltage level at medium and low voltage networks can also be maintained by the 
coordinated action of on load tap changer (OLTC) of a transformer. In order to 
configure the voltage improvement at the LV side with better proximity, daily load 
profile is taken into consideration instead of instantaneous values. Hence, during peak 
load condition the voltage level observed at LV bus nodes (without OLTC) are quite 
low especially at the far end of feeder nodes. The voltage level measured at nodes N24, 
N25 and N26 were around 97.7%, 96.25% and 94.7% respectively.   This voltage level 
can be improved to an extent by implementing OLTC with respective to the MTX. For 
the MTX, the maximum and minimum tap positions considered are +12 and -12 
respectively and the voltage level incremented with each tap is 1% of the rated voltage.  
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    Figure 41 Voltage levels at LV nodes with OLTC and SC 
Due to the dynamic response of the OLTC operation, the tap changing position is 
critically done with some time delay. From Figure 41, it can be seen that the voltage 
level at node N26 has been raised to 98.26% with the implementation of OLTC with 
an increase of 1.01% compared to voltage level without OLTC (97.25%). However, 
OLTC method cannot be used alone to regulate the voltage on long distribution feeders 
due to its limited action of regulation as the greatest violation occurs at the far end of 
the feeder. Hence, it is appropriate to provide a hybrid action of regulation with the 
combination of OLTC method with the placement of SC. Using the capacitor 
optimization method, this analysis uses the available SC at the far end of the feeder 
node. The voltage levels at N24, N25 and N26 can be further improved to 99.13%, 
98.98% and 98.88% respectively with a combination of OLTC with reference to MTX 
and implementation of SC at the extreme end of the feeder with a fixed control state. 
A 1 MVA rating capacity has been considered for the SC to support the reactive power 
requirement in network. The voltage improvement strategy considering only OLTC 
and a combination of OLTC and SC at far end of the feeder are clearly depicted in 
Figure 41. Table 10 summarizes the overview of voltage levels at the far end feeder . 
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                                            Table 10 Overview of voltage levels under different condition 
S.NO Condition Node 24  Node N25 Node N26 
1 Normal 97.7% 96.25% 94.7% 
2 With OLTC 98.57% 98.38% 98.26% 
3 OLTC and SC 99.13% 98.98% 98.88% 
 
3.6 Conclusions 
In this chapter, a typical hybrid RE network is modelled and major PQ issues such as 
active and reactive power variation, voltage variation, THD were analysed and 
quantified under different scenarios. According to different network conditions, the 
following conclusions were derived.  
• With integration of solar PV or wind in a grid based LV network, voltages at 
the corresponding LV nodes were increased and the total power losses of the 
network were decreased. In addition, excess burden on grid is reduced as grid 
contributes minimum active and reactive power. 
• In case of “grid with solar disturbance” condition, an active power variation 
from each PV element and grid side results severe voltage variations at LV bus 
nodes.  
• In case of “grid with solar disturbance and normal wind condition”, reactive 
power variation from each wind turbine results a corresponding impact on 
reactive power flow variation at grid side. 
• In case of “grid with wind disturbance condition”, high level of active power 
variation was depicted from each WT as compared to reactive power variation 
resulting a corresponding effect of power variations (active and reactive) 
powers at grid side and voltage variations at LV bus nodes.  
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• During both “grid with solar and wind disturbance” condition, the active and 
reactive power variation from wind turbine and active power variation from 
solar PV created a corresponding effect on  grid power variation and 
consequently resulted severe voltage variations at LV bus nodes. 
• Under worst-case scenarios, (no solar PV and no wind), implementation of 
OLTC and SC enhanced the voltage level at the far end of the feeder nodes 
with improved maintaining the standard limits.  
• With the increased penetration of solar PV voltage, harmonics were in the 
standard limits. On the other hand, the current harmonics were maintained 
within the limits only with 50% solar PV integration and a deviation of current 
harmonics had been observed with 100% solar PV integration due to the 
increased penetration level with reference to the connected load.  
In conclusion, most of the previous works on PQ impacts were accounted with only 
single  RE energy (either, solar or wind ) sources but not with the hybrid energy model. 
Hence, this chapter conducted an extensive research on grid tied hybrid RE network 
with wind and solar PV integration and quantified the PQ factors in extended way. 
This research differs from the previous works in terms of investigating PQ impacts in 
a grid tied hybrid RE network model with level of change wind and solar PV 
integrations . Based on the impact analysis, it can be evident that appropriate  control 
measures and planning strategies are required for voltage regulation. This preliminary 
study will be used as a reference to investigate the network impacts in a grid connected 
RE in large scale network and also as a guide line to conduct the experimental analysis 
in real time with this prior knowledge on level of RE integration and its impacts on 
grid. 
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CHAPTER 4 
EXPERIMENTAL INVESTIGATION - PQ IMPACTS IN A 
REAL POWER NETWORK WITH RE INTEGRATION  
4.1 Introduction 
This chapter investigates the PQ impacts through experimental approach in a real 
time power network with hybrid RE integration. Voltage variations, power 
variations, PF, voltage unbalance and neutral currents were further investigated using 
low voltage mini grid facility at CSIRO compared to the simulation approach in 
chapter 3. A series of experiments were proposed with various power sources and 
highly controllable loads. This research work differs from the previous in terms of 
hybrid RE integration, extended PQ quantification analysis through experimental 
approach and thus fulfills the research gap highlighted in section 2.7. Highlights of 
this chapter were published in “International Journal of Sustainable and Green 
Energy”, April 2016.  
The chapter is organized as follows - section 4.2 presents the details of the mini grid 
experimental facility with the available resources. Section 4.3 describes standard 
limit for PQ level. Section 4.4 demonstrates the experimental setup. Detailed results 
and discussions are presented in section 4.5 and finally section 4.6 concludes this 
chapter. 
4.2 Minigrid RE integration Facility  
At CSIRO, a low voltage mini grid facility is available with various power sources 
and highly controllable load banks. REIF at CSIRO Newcastle, Australia [9] was 
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developed under the CSIRO’s Energy Transformed Flagship [152]. This integration 
facility supports in evaluating the possible grid integration options for novel grid 
management technologies during large-scale integrations. In addition, this facility 
intelligently detects and solves faults on electricity systems with in the local network.  
REIF has the minigrid setup comprised with different power resources. Mini grid 
facility consists of 50 KW rooftop PV system as a primary RE resource. This 
specification is distributed as 7 KW, 7 KW and 11 KW in phase 1, phase 2 and phase 
3 respectively. A 300W solar PV micro inverter (ABB Power-One Aurora Micro -
0.3.I.OUTD) is used as a single-phase inverter. In addition, two solar PV modules 
with each 12.5 KW is integrated with 15 KVA three-phase inverter (SMA Sunny 
(15000TL) Tripower Economic excellence) as shown in Appendix B.  
Table 11 Acceptable range of voltage level AS 60038 standards [130] 
Nominal Voltage level Allowable voltage level 
Max (V) Min (V) 
230 V (phase to 
neutral) 
253 V (+ 10 %) 216 V (- 6 %) 
400 V (phase to phase) 440 V (+ 10%) 376 V (- 6%) 
 
A 64 KVA load bank was effectively operated with both manual and programmed load 
profile commands. Distribution boards (DB) are available with data acquisition units 
(DAQ) for collecting the required data with respective to grid (DAQ-DB), solar PV 
(DAQ-PV), load bank (DAQ-load) and the turbine (DAQ-turbine). For continuous 
monitoring and control, effective user interface was also developed at CSIRO using 
supervisory control, data acquisition and lab-view shown in Appendix B. 
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4.3 Allowable operating ranges for voltage and current THD 
As per the AS60038 standard, allowable operating range of voltage level in LV 
network is given Table 11. AS/NZS 61000.2.2 supports maximum unbalance voltage 
level for the LV network of around 3%. Allowable unbalance voltage level over the 
average period of 1 minute, 10 minutes, and 30 minutes is shown in Table 12 . Table 
13 shows the current THD as per AS4777.  
Table 12 Unbalance voltage level in LV network[133] 
Unbalance Voltage Negative sequence voltage (% of nominal voltage) 
No contingency 
event 
Credible 
contingency event 
General Once  
per hour 
Average period (minutes) 30 30 10 1 
LV Network ( < 10 KV) 2 % 2 % 2.5 % 3 % 
                                   
                                    Table 13 Current THD limit AS 4777 standard [134]  
Odd and Even harmonics Current THD (%) 
3, 5 ,7 and 9 4 
11, 13 and 15 2 
17, 19 and 21 1.5 
23, 25, 27, 29, 31 and 33 0.6 
2, 4, 6 and 8 1 
 
4.4 Results and discussions  
         Considering the robustness and the flexibility of power devices, series of experiments 
were conducted with various PV combinations using the available switching facility. 
A typical wind profile varying in seconds level and the active power set point as per 
varying typical wind profile is fed to the micro turbine controller for investigating 
various PQ impacts. Figure 42 shows the connection layout diagram at CSIRO.  
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Figure 42 Network layout at CSIRO[132] 
4.4.1 Experiment 1: Rooftop PV power variation and load variation 
Considering maximum solar irradiation, a series of experiments were conducted during 
9:30 am to 3:00 pm with load and PV power variations. Based on the typical load 
profile, a minimum of 0 KW to a maximum of 40 KW was considered for the current 
analysis. With an aim to investigate all possible impact different PV penetration levels, 
various PV combinations were selected with reference to the typical load variations. 
During this setup, the maximum active power of PV was observed to be varied from a 
minimum of 3 KW to maximum of 38 KW shown in Figure 43. Since, solar PV 
elements were active in the network, load demand was compensated by active power 
of PV. Hence, grid acts as buffer to export the residual power based on the load 
demand. Consequently, during peak load and low solar PV power, grid manages to 
export the remaining power meeting the load demand. With different load and PV 
combination, the corresponding grid power variations were shown in Figure 44.  
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Figure 43 Power variations- PV and load 
 
Figure 44 Grid power variations  
The phase voltage variations that were observed with varying load and varying PV 
were depicted in Figure 45. From this analysis, it can be clearly noticed that the 
observed voltage variations were higher during low load demand and high PV 
integration condition since the amount of generation has exceeded the load. Moreover, 
voltage variations from all the three phases were different due to unbalanced PV 
distribution among three phases. However, a standard statutory limit (+10% and -6%) 
of nominal voltage (240V at CSIRO) was maintained at each phase.  
Table 14 summarizes the voltage variations and deviations with reference to solar PV 
and load variations shown in Figure 45. The measured voltage level during high PV 
integration and low load demand was 0.7% less than the nominal voltage whereas the 
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during lower PV integration and high load there was 3% less than the nominal voltage 
and maintaining the statutory limit.  
Table 14 Voltage variations and deviations at PCC 
Phase Voltage variation (v) 
   Max           Min 
 Voltage deviation (%) 
  Max          Min 
 Phase 1 236.9             233.8 -1.29             - 2.58 
 Phase 2 236.7             233.0 -1.3               -2.9 
 Phase 3 238.3             232.8  -0.7               -3.0 
 
 
Figure 45 Voltage variations at PCC with PV and load variations 
4.4.2 Experiment 2 Varying typical solar profile 
To investigate the level of voltage and power variations in the network, a typical solar 
profile with 7 minutes duration shown in Figure 46 was fed to the micro turbine. During 
the first five minutes of analysis, the load was varied from 10 KW to 15 KW to 
maintain the minimum step variation in load level. After 5 minutes, loads were 
randomly varied from 5 KW to 22 KW to maintain the maximum load variation limit. 
With this setup, turbine power was observed to be vary from 9 KW to 25 KW during 
the minimum step load condition and 8 KW to 23 KW during the maximum step load 
condition, shown in Figure 47. These power variations from the turbine side create 
corresponding power flow variations at grid side as depicted in Figure 48. Power flow 
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variation at grid side during minimum and maximum step load varying condition was 
observed to be varied from -1 (grid import) to 15 KW and -15 KW to 17 kW 
respectively. 
 
Figure 46 Typical solar profile 
 
Figure 47 Load variations in steps and PV power variations 
During this phenomenon, the maximum and minimum voltage variations that were 
observed at PCC were higher during minimum load level compared to the maximum 
step variations in load level, shown in Figure 49. This is due to the effect of turbine 
power variations considering the typical solar profile under minimum and maximum 
load level conditions. Table 15 summarizes the voltage variations and deviations with 
respective to all the three phases.  
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Figure 48 Grid power variations with varying solar profile 
 
 
Figure 49 Voltage variations with typical solar profile 
Table 15 Voltage variations and deviations at PCC with varying solar profile 
 
 
 
Minimum step variation in 
load level 
Maximum step variation in 
                 load level 
V variation             V deviation 
Max        Min          Max      Min 
V variation                V deviation 
Max      Min             Max         Min 
Phase 1 236.7     234.7 -1.37     -2.2 235.9     234.7 -1.7      -2.2 
Phase 2 236.9     234.7 -1.3      -2.2 236.1     234.5 -1.6      -2.3 
Phase 3 238        235.7 -0.8       -1.8 237.1     235.3 -1.2      -1.9 
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Figure 50 Typical wind profile 
4.4.3 Experiment 3 Rooftop PV and wind integration 
To further investigate the level of voltage and power variations in the network, a typical 
wind profile with second’s level variations was considered in addition to the available 
roof top PV. Figure 50 shows the considered typical wind profile during this analysis. 
The active power set point as per varying typical wind profile was fed to the micro 
turbine controller and a varying power point command was given to load bank 
controller as per the varying typical load. Table 16 summarizes the power variations 
with respective various combinations of PV and load. 
Table 16 Power variations with PV and wind integration 
 
 
 
 
During “constant load and no PV” condition, the active power generated from the 
turbine was varied as per the typical wind profile. Based on the considered load 
variations, level of rooftop PV integration and the variations in wind profile shown in 
 
           Case 
Active power (KW) 
Load     Turbine       PV       Grid 
Constant load+No PV  17        15 to 27          - -0.95 to 15 
Constant load+constantPV  15        11 to 27        28 34 to 39 
Constant load+varying PV  15        9 to 27      18 to 39 28 to 53 
Varying load+varyingPV 5 - 20    8 to 27       5 to 39 -0.9 t 53 
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Figure 51, corresponding grid power variations were observed in the network. Among 
all cases, grid power variations were higher during constant load and varying PV 
condition /varying load and constant PV condition due. This is due to the cumulative 
effect of PV active power to meet the load demand. Figure 53 shows respective grid 
power variations during this scenario. The grid, for consistent power flow to avoid the 
worst-case scenarios like power outage, should properly accommodate the excess 
power generated by the solar PV.  
 
Figure 51 Load, PV and wind power variations 
 
Figure 52 Grid power variations with solar PV and wind 
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Voltage variations concerning phase1, phase 2 and phase 3 are shown in Figure 53. 
During 2nd and 3rd minutes of the simulation, variation in voltage levels were quite high 
compared to the other intervals. This is due to the combined impact of low load, high 
solar PV and wind power with varying wind profile. Table 17 summarizes the voltage 
variations and deviations for all the cases. 
 
Figure 53 Voltage variations with solar PV and wind 
 Table 17 Voltage variations and deviations with solar PV and wind integration 
 
 
 
 
4.4.4 Experiment 4 Power factor analysis 
This experiment was aimed to analyze the PF variations in the network with change 
of load. Load variation of 22 KW to 47 KW was deemed to estimate the level of PF 
variations at PCC. The reactive power load were observed to be varied from -5 
KVAR to 17 KVAR. Figure 55 shows corresponding active and reactive power 
variations of grid as per the load and PV power variations in Figure 54. 
case Voltage 
variation(v) 
Voltage deviation (%) 
Max Min Max Min 
1 237.4 236.4 -0.41 -1.5 
2 238.1 237.5 -0.79 -1.0 
3 238.9 237.3 -0.45 -1.1 
4 238.9 236 -0.45 -1.6 
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Figure 54 Power variation of load and PV 
 
Figure 55 Power variations of grid 
From this analysis, it was noticed that an unity power factor was maintained during 
the first two end half minutes of the total interval. This is due to the balancing action 
of grid in supporting the active and reactive power as per the load and PV 
combinations. On the other hand, huge variation in PF profile was observed after 2.75 
minutes indicating a poor PF. A PF variation of 0.48 to 0.5 was recorded after 2.75 
minutes, this was remained around a minute, and gradually the PF reached to a higher 
value for small fraction of time and then set to decline as per the load and PV 
variations, shown in Figure 56. During these respective intervals, supply of reactive 
power from grid source was in higher proportion when compared to active power 
contribution as PV only contributes active power. This unbalances the active and 
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reactive power support from grid and hence deteriorated respective PF profile. 
 
Figure 56 PF variations 
4.4.5 Experiment 5 THD analysis 
With an aim to analyze the level of harmonics in the network, different level of PV 
penetrations were considered shown in Table 18. The current and voltage THD level 
was estimated in each phase according to the PV power output (P0) with respect to 
the full power rating (Pr) of PV connected over that phase.   
 
Figure 57 Current THD at different PV power levels 
From the results of THD, it was observed that lower order even harmonics were found 
to be minimum and odd order harmonics were quite considerable for all power levels. 
Considering the maximum PV power level in phase-A, phase-B and phase-C, the 
current THD was found to be minimum around 2.4% in phase-A and 1.7% in phase-
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B. With minimum PV power level, current THD level was found to be high in phase-
A which is around 5.7%, and in phase B around 5.2%. Current THD ta different PV 
levels were shown in Figure 57. This shows that the level of current harmonics 
exceeds the THD limit as per the AS 4777 standard. This is due to the fundamental 
current magnitude affect based on the generated PV power output over the PV 
inverter harmonic currents. For all the cases, voltage THD level was found to be 
minimum and within the tolerance level of AS/NZS 61000.2.2 standard shown in 
Figure 58. The overall results of estimated current and voltage THD level at different 
PV power levels are shown in Table 18. 
 
Figure 58 Voltage THD overview.  
Table 18 Overview on current and voltage harmonics 
Phases P0  
(KW) 
P0 / Pr 
(%) 
Current THD 
(%) 
Voltage THD 
(%) 
Phase 1 16.6 86 2.4 1.6 
10 52 3.8 1.8 
5 26 5.7 2.5 
Phase 2 14 91 1.7 1.48 
8 52 4.1 1.6 
4 26 5.2 1.85 
Phase 3 13 84 1.8 1.5 
8 52 3.8 1.7 
5 33 4.6 1.9 
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4.4.6 Experiment 5 Unbalance voltage (VUF) and neutral current (IN) 
Unbalance in the network can occur due to many factors such as due to the 
unbalanced load distribution in three phases, un equal impedance of 3Ø distribution 
network or uneven PV distribution in three phases. To analyze unbalance voltage and 
the neutral current, a case study with unbalanced PV generations in each phase and 
uneven distribution of load from three phases were monitored for 1 minute. Figure 
59 to Figure 62 shows the uneven PV power and uneven load variations for 
calculating VUF and IN . 
 
Figure 59 Uneven or unbalanced PV power distributions 
 
Figure 60 Uneven load variations 
From the results, it can be depicted that the variation in neutral current levels has 
been increased randomly from 2 Amps to 22 Amps following the load and the PV 
power variation patterns. Change in neutral current variations are high during high 
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PV integrations. Similarly, VUF variations were quite significant in the system after 
0.5 min of simulation. This is due to the cumulative effect of unbalanced PV and 
uneven load distribution in the power network. However, these variations are with in 
the standard limit. If this uneven distribution continues for larger duration, 
probability for an increase in excessive neutral current will be high and results in 
overloading of the distribution feeder and this will adversely degrade the system 
performance or electronic appliances connected at LV side. An unbalance in a 
network can result in excess drawl of reactive power, mal-operation of protective 
system, the performance of power metering devices can be de-rated, reduce life span 
of electrical appliances, increases the power loss etc. 
 
               Figure 61 Neutral current variations 
 
Figure 62 VUF variations 
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4.5 Conclusion   
In summary, this chapter investigated PQ impacts, considering real time roof top PV 
system and the micro turbine with typical wind profile and solar profile through 
experimental analysis. From series of proposed experiments, voltage and power 
variations were quantified and VUF and IN were calculated in a hybrid RE integration 
power network. Hence, this piece of work serves as an important research finding as 
no previous works had used such method of analysis with reference to the penetration 
levels of PV, load and other transient conditions in a real time RE based power 
network. From this extensive analysis, it was found that sudden variations in load 
demand and inadequate power from RE sources will adversely affects the utility grid. 
VUF and IN were found to increase with the increase in unbalanced PV generation 
and uneven load in the hybrid RE network. This estimation will serves as a guideline 
for adopting mitigation measures such as reactive power coordination among various 
DG sources in the network under such scenarios.  
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CHAPTER 5 
REACTIVE POWER MANAGEMENT IN  HYBRID RE 
POWER NETWORK 
5.1 Introduction 
In recent years, penetration of distributed generation (DG) sources in to the power 
system network is rapidly increasing all over the world. Adoption of RE based DG 
sources like solar PV and WT  in to the power network has been encouraged due to 
environmental concerns and other economic factors[135]. Integration of DG sources 
imposes negative impacts over the voltage profile and voltage control, limiting DG 
penetration level in the network [78]. Output power fluctuation from the RE based 
DG’s imposes the significant voltage deviations and voltage control in the network. 
Reverse power flow due to penetration of DG sources affects the functional operation 
of the conventional voltage regulators in the network. Other factors - line impedance 
in a long transmission/distribution network, varying nature of load profile, and varying 
nature of power generation from RE sources are the main challenges for the utility grid 
in maintaining voltage level as per the allowable operating range (standard) in power 
network [136, 137].  
Thus, this chapter proposes a RPM control strategy considering a typical hybrid RE 
(wind and PV) based MV power network. The main aim of this chapter is to effectively 
regulate the voltage and PF level through the proposed RPM technique using reactive 
power controllers. The proposed local controllers will effectively manage the reactive 
power utilization in a hybrid RE based power network by appropriate reactive power 
from dispatch from solar PV, wind and STATCOM in a coordinated way. The next 
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part of this chapter is organized in four sections. Significance of reactive power 
utilization from wind and PV is discussed in section 5.2. Section 5.3 presents 
modelling of hybrid RE network with PV, wind and D-STATCOM with the detailed 
control structures. Proposed reactive power management algorithm is discussed in 
section 5.4 and finally section 5.5 concluded the results of this chapter. 
5.2 Significance of reactive power utilization from DG sources  
In case of increased penetration of hybrid RE sources (solar PV and Wind turbine) in 
the power network, voltage control cannot be solved by the conventional voltage 
regulators alone (OLTC of transformer, shunt capacitor, synchronous condenser, etc.) 
due to their slow behavioral characteristics. As a counter measure, reactive power from 
DG can be considered [11, 138] through appropriate reactive power management 
(RPM) and voltage control techniques [12, 13, 139] along with the conventional 
voltage regulators and reactive power compensators (Flexible AC Transmission 
systems (FACTS)  devices). 
Reactive power management ensures improvement of voltage profile and voltage 
stability in a power network through appropriate control action in reactive power 
planning and dispatch operation. An efficient operation and planning of reactive power 
supply can be achieved by means of utilizing substantial reactive power (VAR) sources 
at optimum location in the network. Similarly, efficient reactive power dispatch can be 
verified by scheduling voltage set point with relevant VAR settings at the connection 
point of generators in the power network [87, 140]. Utilizing reactive power from the 
RE based DG sources along with reactive power support from the FACTS devices such 
as D-STATCOM in a coordinated control way, plays a significant role while improving 
the voltage profile in the network. Reactive power utilization from RE sources will 
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also make less dependence on FACTS devices for reactive power support. Hence, 
reactive power estimation from RE sources is a key issue which cannot be neglected 
in a grid connected system as it is essential for initiating the control actions [141]. 
5.3 Modelling of hybrid RE power system network with RPM 
Figure 63 shows the typical grid (100 MVA/120 KV) connected MV network (22 
KV/50 Hz) with integration of hybrid renewable energy sources using MATLAB-
SIMULINK. The main elements considered for modelling were solar PV, DFIG based 
WT, D-STATCOM and typical loads. The specification of each element in the network 
model is summarised in Table 19 to Table 23.  
Table 19 PV system specification 
Equipment Rating  Operating voltage 
PV unit  1000 KWp 500 V 
DC converter 1000 KW 280V/500 V 
AC inverter 1000 KVA 500 V/  22 KV 
 
                                                       Table 20 Transformer specification 
Transformers Rating  Operating voltage 
Grid Transformer (GTX) 50 MVA 120 KV/22 KV 
PV inverter interfacing Transformer 1MVA 0.26 KV/22 KV 
DFIG interfacing Transformer 7 MVA 575 V/22 KV 
LV Transformer 1 (LV TX1) 0.3 MVA 22 KV/0.4 KV 
LV Transformer 2 (LV TX2) 0.3 MVA 22 KV/0.4 KV 
 
Table 21 Load specification 
           
Rating 
 
MV Loads LV Loads 
LD1 LD2 LD3 LD4 LD5 LD6 LD7 LD8 LD9 
P (MW) 2 2 2 5 2 0.1 0.1 0.072 0.072 
Q (MVAR) 0.3 0.3 1.3 2.3 0.3 1 1 0.035 0.035 
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     Figure 63 Typical hybrid RE power network 
                          
Table 22 DFIG specification 
DFIG parameters Value 
Wind generator rating 1.5 MVA 
Generator voltage rating 575 V 
Stator resistance 0.023 pu 
Rotor resistance 0.016 pu 
Stator leakage inductance  0.18 pu 
Rotor leakage inductance 0.16 pu 
Magnetising inductance 2.9 pu 
 
Table 23 22 KV line parameters 
 
 
 
Line conductor L1 L2 L3 L4 L5 
Length (KM) 1.0 2.3 1.5 0.51 1.1 
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dq reference frame.  Rs , Rr are the resistances of stator and rotor. ω is the reference 
frame speed and ωr is the rotor electrical frequency. Stator active and reactive power 
can be controlled independently by the rotor injected currents. The active and reactive 
power of stator can be expressed as follows [142]: 
                                         mS rd s
s
L3P = i  v
2 L
                                                     (5.3) 
                                 s mS s rq
s s s
2v L3Q = + v i
2 ω L L
 
 
 
                                        (5.4)                                                                    
 
Figure 65 RSC control scheme 
5.3.2 RSC control under RPM 
The main aim of RSC is to control the active power PS and the reactive power QS of 
DFIG independently. Voltage regulator/Var regulator in RSC plays a major role in 
setting up the required reactive power reference with an aim to maintain the required 
voltage level at DFIG stator terminals under different grid conditions. Under normal 
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conditions, reactive power reference command is set to zero. On the other hand, when 
DFIG is connected to a weak grid or under transient conditions, an appropriate reactive 
power reference set is enabled in the control. Figure 65 shows the control scheme for 
RSC in DFIG with different reactive power sets according to its capability curve.  
To obtain the active and reactive power decouple, SVOC plan is embraced in the 
present model. Active power regulator and voltage regulator of RSC control block 
generates the reference values for active and reactive power. With reference to the 
implemented reactive power capability curve as shown in Figure 67, different set of 
reactive power references were assigned to the controller. Voltage regulator compares 
the assigned reactive power reference with the actual reactive power and generates q-
axis current reference, irq_ref . 
 
Figure 66 Control logics for RSC 
In the active power regulator, measured output power at the grid terminals is summed 
up with the electrical and the mechanical losses and is compared with the reference 
power calculated from the MPPT characteristics curve and generates d-axis current 
reference, ird_ref. The generated reference currents are fed to the current controller with 
the assistance of the feed forward constraints to generate the required voltages Urd and 
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Urq. These dq voltage signals are used by the PWM to generate the control signal that 
drives RSC. 
5.3.3 Capability curve based reactive power reference to RSC control 
Reactive power capability of RSC mainly depends on the limits of stator current, rotor 
voltage, and rotor current [144, 145].  In this model, the total installed capacity of DFIG 
was considered as 4.5 MVA. With reference to the RSC reactive power capability 
curve of each WT (1.5 MVA) shown in Figure 67, the maximum reactive power 
contribution that has been considered from each WT was around 0.58 MVAR at 
allowable operating PF of 0.93 [92, 109] . This is according to Australian grid code 
requirements for DFIG. Considering the total installed capacity of DFIG (4.5 MVA), 
the maximum reactive power that can be utilized in this analysis is around1.75 MVAR 
at an operating PF of 0.93.  
 
Figure 67 Reactive power capability curve of RSC 
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According to the standard logics shown in Figure 66, the required reactive power 
reference signal is generated on priority basis based on the network condition such that 
required reactive power is dispatched by setting the reference level. 
 
• Under first mode (normal conditions), the DFIG based WT set to operate at unity 
power factor hence no reactive power is generated RSC 
• During second mode (transient conditions) such as load variations and wind 
variations, an appropriate reference set is enabled to dispatch the reactive power 
as per the reactive power capability of RSC.  
 
Figure 68 Reactive power control of GSC under fault condition 
5.3.4 GSC Control  
The primary objective of GSC is to keep the DC-link voltage constant, regardless of 
the flow of rotor power in the system. Under normal operations, GSC reactive power 
is set to zero. Like the decouple control technique adopted in RSC, SVOC is 
implemented and hence d-axis current, igd, can be used to control the DC-link voltage 
controlling the active power transferred and the q-axis current igq, can be used to 
control the reactive power of GSC. In this study, a coordinated control approach is 
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adopted between RSC and GSC such that RSC acts as a main controller for the reactive 
power support and GSC is operated at unity PF for few cases such as load variations. 
On the other hand, reactive power from both RSC and GSC can be utilized effectively 
based on the reactive power capability curve using the proposed control strategy under 
fault condition.  
 
Figure 69 GSC control block 
5.3.5 Reactive power support from GSC  
DFIG’s reactive power capability can be attributed to both GSC and RSC converter 
controls. Due to the limited capacity of DFIG converter, reactive power reference is 
normally set to zero for GSC to minimize the over currents and losses in the system. 
However, according to the proposed RPM strategy, GSC also provides additional 
reactive power support to the grid under few scenarios such as under fault conditions. 
Figure 68 shows the adopted reactive control approach between RSC and GSC such 
that RSC acts as a main controller for the reactive power generation under fault 
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conditions and the required reactive power can be dispatched as per the reactive power 
capability characteristics.  
Unlike the conventional method approach for GSC control, in the proposed control 
scheme GSC as an auxiliary controller and uses the same reactive power reference 
from the RSC and set to generate a minimum reactive power through the cascade 
approach. The complete layout of the GSC control scheme is presented in Figure 69. 
5.3.6 Solar PV system modelling 
In this study, the maximum power generation capacity of PV system considered 1MW 
at standard test condition (STC). Solar PV system includes DC boost converter with 
the implementation of maximum power point tracking (MPPT) control and voltage 
source inverter (VSI). Considered VSI in the present modelling is a current control 
type with a capacity of 1 MVA and controls the active and the reactive power 
independently. The active and reactive power equations (dq axis frame) of solar PV 
inverter can be expressed as follows [146, 147] : 
                                                    ( )pv d d q q3P  v i +v= i2                                             (5.5) 
                                                    ( )qpv d d q3  v iQ - v i2=                                              (5.6)                                                               
Using SVOC,   vd is aligned with voltage magnitude and  vq is set to zero. The active 
and reactive power equations can be expressed as follows: 
                                                     pv d d
3 v
2
=P i                                                            (5.7) 
                                                    pv d q= -
3 Q v i
2
                                                        (5.8)                                                           
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Hence, in this analysis, active power of PV can be controlled by regulating the id 
current (d-axis) and reactive power can be controlled by regulating iq current (d-axis). 
5.3.7 Reactive power control for PV inverter 
PV inverter control consists of voltage and current control loops. Figure 70 shows the 
PV inverter control layout with synchronous reference frame to control axis active and 
reactive power through dq currents. DC voltage controller regulates the DC bus voltage 
and generates idpv_ref current to control the active power in the system. To maximize 
the power generated from solar PV, active power regulation is given high preference 
when compared to the reactive power control under normal operations. Accordingly, 
the active current reference is generated as expressed in equation 5.9 
                                     ( )idpv_ref p dc_ref dcKi = K + V -Vs
 
  
                                                (5.9)                     
 
Figure 70 PV Inverter control 
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In general, PV inverter operates at unity PF with inverter current iq set to zero. 
However, under transient conditions, AC voltage regulator of PV is set to produce 
desired reactive power reference based on the capability of inverter current rating. In 
this study, PV inverter is allowed to contribute reactive power by means of regulating iq current and generating the required reactive reference as per the capability curve 
presented in the section 5.3.8 and switching logics adopted by the PV shown in Figure 
71. 
The reference signals of active and reactive current of PV are compared and the 
difference or the error current signals are passed through the respective current control 
loops. Following this, d-axis current control loop generates output voltage reference 
signal (Ud) while minimizing the error between id_ref and id current of inverter. 
Similarly, q-axis current control loop generates output voltage reference signal (Uq) 
while minimizing the error between iq_ref assigned from reactive power controller (Q 
controller) and iq current of inverter. 
 
Figure 71 Switching logics for PV for reactive power dispatch 
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                                        ( )idpv p d_ref dKU K + i - is=
 
  
                                                    (5.10)  
                                        ( )iqpv p q_ref qKU K + i - is=
 
  
                                           (5.11)                                                                                            
The output voltage signals (Ud , Uq ) of current control loop can be used as reference 
signal for the pulse width modulation (PWM) of inverter. In order to improve the 
dynamic response of the control system and to decouple the dq components of 
voltage/current, a current cross coupling term and voltage feed forward facility are 
usually adopted in the current control loop [148, 149].  
5.3.8 Reactive power capability curve for 1 MW PV  
Voltage and current rating limits of the inverter are the two constraints to specify the 
reactive power capacity of PV [11, 96]. Reactive power capability curve shown in 
Figure 72 is drawn based on the apparent power capacity of PV inverter, represents the 
lagging and leading reactive power level with corresponding PF. In this study, with 
reference to 1 MVA PV inverter capacity, the maximum reactive power contribution 
was considered to be 0.48 MVAR at allowable operating PF of 0.9. 
 
Figure 72 Implemented Reactive Power Capability curve for 1MW PV inverter 
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5.3.9 D-STATCOM for additional reactive power support  
In order to improve the voltage profile in the network during normal and transient 
conditions, additional FACTS devices like STATCOM can be utilized at the 
appropriate location in the power network. In this study, a VSI based STATCOM with 
a DC-link capacitor is designed and implemented with an aim to provide the required 
reactive power, mitigating the impacts due to wind and solar PV variations under 
network fault. As the primary aim of this study is to utilize the desired reactive power 
from PV and wind for voltage regulation, this study aimed to design a STATCOM with 
3.5 MVAR capacity to effectively manage and enhance the reactive power demand in 
the network.  
5.3.10 D-STATCOM control block modelling 
Figure 73 represents the designed control block of D-SATCOM to effective generate 
the required reactive power under transient conditions. The control configuration of 
VSI of D-STATCOM consists of a DC voltage control, AC voltage control and the 
current control loops. DC voltage regulator compares the measured DC voltage Vdc 
from the DC-link capacitor and the reference DC voltage Vdc_ref and regulates the error 
signal for generating d-axis reference current, id_Sref. 
                                ( )i  d_Sref p dc_Sref dc_SKi K + V -Vs=
 
  
                                            (5.12)                                                      
Similarly,  iq_ref  is generated by the AC voltage regulator by comparing the measured 
AC voltage magnitude (Vmag) of the connected bus with assigned voltage reference      
(  Vmag_ref).  
                                    ( )iq_Sref p mag_ref magKi K + V -Vs=
 
  
                                            (5.13)                                   
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The current control loop of D-STATCOM comprises of two PI controllers that 
generates output voltage reference signals  UdS, UqS for the PWM block by regulating 
the current components in dq axis. Current feedforward term and voltage feed forward 
facility of the current control loop is same as the configuration of PV inverter current 
control loop [150]. 
 
Figure 73 D-STATCOM control configuration 
 
Figure 74 Switching logics for D-STATCOM operation 
5.4 Operating PF and LVRT requirements of connected DG sources 
In this study, maximum reactive power contribution from PV inverter and WG were 
considered as per the allowable PF limits of Australian network standard [21, 109, 134, 
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151], shown in Table 24. As per the Australian grid codes, LVRT requirements of DG 
sources is shown in Table 25. 
Table 24 Allowable operating PF (Australian network standard) 
DG sources PF (leading) PF (lagging) 
Wind Generator 0.93 0.93 
PV inverter (> 20 amperes/phase) 0.9 0.9 
 
Table 25 LVRT requirements of DG sources- Australian grid codes 
During fault Fault clearance 
Voltage (pu) Tmax (sec) Voltage (pu) Tmax (sec) 
0 0.1 0.7 to 0.8 2 
 
5.5 Proposed control strategy of reactive power management (RPM)  
The main aim of implementing the proposed control strategy of RPM is to maintain 
the regulation of voltage level and PF at PCC bus and grid bus (B1) by utilizing the 
reactive power reserve from WG, PV inverter and STATCOM along with the grid 
source in a coordinated control approach. During high reactive power demand in the 
network, coordinated control strategy of RPM also ensures the reduced reactive power 
import from the grid source. In addition, during fault condition, LVRT reserve 
capability can be improved while maintaining an uninterrupted operation of WG and 
PV inverter. Contribution of reactive power from WG and PV inverter has been 
considered according to their respective reactive power capability (as per the allowable 
operating PF standard). Figure 75 illustrates the overall reactive power contribution 
from the integrated sources at different scenarios. The control approach of RPM adopts 
the following conditions while regulating the voltage level at grid bus and PCC bus: 
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• Under normal load scenario (4.8 MVAR Qnormal), reactive power contribution 
is considered only from grid and WG/PV inverter were allowed to operate at 
unity PF. 
• During step 1 load, QL1 (a raise of about 22% of Qnormal), and step 2 load, QL2 
(a raise of about 44% of Qnormal) excursion, reactive power contribution is 
considered from WG and PV inverter along with the grid source. 
•  During low solar irradiance (below 1000 watts/m2) and low wind speed 
conditions (below 15m/sec), minimum reactive power contribution from PV 
inverter and wind generator (as per the respective allowable operating PF) were 
considered along with the contribution of grid and STATCOM. 
• During fault, reactive power contribution is considered from all the sources:  
D-STATCOM, grid, WG and PV inverter. Among these, major reactive power 
supply is utilized from STATCOM  where as WG/PV inverter were utilised for 
minimum reactive power support. Inaddition, under severe disturbance 
conditions maximum reactive power is utilized from DFIG as per the rated 
capabilities of the converter with the proposed control approach presented in 
DFIG modelling section. 
 
Figure 75 Overview of reactive power contribution 
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Figure 76 shows the proposed control strategy of RPM during load change and low 
wind/solar conditions. Proposed control strategy of RPM regulates the voltage level 
and PF at PCC bus and grid bus during the load excursion and low wind/solar 
conditions. Proposed control strategy is implemented according to the following 
scenarios formulated in the typical power network. 
5.5.1 Control strategy during step load excursion 
During normal wind and solar condition, if load excursions were considered in the 
network, Q set 1 (minimum reactive power) and Q set 2 (maximum reactive power) 
were assigned to WG/PV inverter. During the first step load (QL1), the reactive power 
demand in the network is above the normal load (a raise up to 22% of QNL) and hence 
Q set 1 will be assigned for the WG and PV inverter according to the proposed control 
strategy. Similarly, Q set 2 will be is assigned for WG and PV inverter if the reactive 
power demand is above the 1st step load (a raise up to 44% of QNL). 
5.5.2 Control strategy during low wind/solar condition 
In addition to the load variations in the network, if the network system is subjected to 
low wind (below 15m/sec) or low solar condition (below 1000 watts/m2) a combined 
reactive power support from grid, WG/PV inverter and STATCOM is effectively 
managed and utilised by adopting the control strategy of the proposed RPM. During 
low solar and low wind conditions, as the reactive power import form the grid is above 
the 5.2 MVAR, proposed control strategy initiates reactive power support from the D-
STATCOM. In addition, if the difference between the total reactive power demand 
(QL) and the combined reactive power of WG and PV is more than 4.6 MVAR, D-
STATCOM is considered for reactive power support according to the proposed control 
strategy of RPM. 
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Figure 76 Control strategy of RPM during load change and low wind/solar PV 
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Figure 77 Control strategy of RPM during network fault 
5.5.3 Control strategy during Fault 
During this condition, a coordinated control approach has been adopted among the grid 
source, WG/PV inverter, and STATCOM, supporting the required reactive power to 
the network. Considering fault current in the network and low voltage level (below 
0.85pu) at PCC bus, reactive power support from WG/PV inverter was enabled 
meeting the requirements of LVRT capability. In addition, major reactive power 
support from D-STATCOM was taken in to account preserving the continuous 
operation of WG/PV with increased LVRT reserve. In addition, with the proposed 
control scheme of DFIG under fault conditions, DFIG drives to dispatch the 
appropriate reactive power regulating the voltage at PCC bus. The RPM control 
strategy adopted during fault condition is shown in Figure 77. 
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5.6 Results and discussions 
Various case studies were considered while analysing the effectiveness of the proposed 
control strategy of RPM in the network. Initially, case 1 is formulated as a base 
scenario without RPM in the network and this is used as a reference case for comparing 
voltage level and PF at PCC bus. Proposed control strategies were implemented in the 
network using case 2 to case 5 scenarios explained below. Implemented reactive power 
load is as per the as following three stages:  
• Normal reactive power load ( QNL) 4.8 MVAR  (from 0 sec to 2 sec) 
• 1st step reactive power load ( QL1), an increase from 4.8 to 5.8 MVAR  (from 
2sec to 3 sec) 
• 2nd step reactive power load (QL2), an increase from 5.8 to 6.8 MVAR (from 
3sec to 4 sec). 
Table 26 Results overview with and without RPM 
 
5.6.1 Case 1: Reactive power support from only grid  
This is considered as the reference scenario or the normal condition of the network 
(without RPM). During this case study, the total reactive power load in the network is 
being supported by the grid source only and no reactive power is supported from WG/PV 
Scenarios Without RPM With RPM 
Voltage (pu) PCC 
PF 
Grid Import 
(MVAR) 
Voltage (pu) PCC 
PF 
Grid Import 
(MVAR) B1 PCC B1 PCC 
Normal load 0.94 0.92 0.9 5.2 0.94 0.92 0.9 5.2 
1st Step load 0.93 0.9 0.85 6.55 0.94 0.92 0.9 4.95 
2nd Step load 0.91 0.89 0.8 7.6 0.94 0.92 0.93 5.2 
Low 
Wind/Solar 
0.9 0.88 0.8 7.6 0.94 0.92 0.91 4.6 
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inverter. Results of voltage level, PF and grid reactive power import shown in Figure 78 
and Figure 79. From this analysis, it can be evident that when compared to the normal 
load condition (0 to 2 sec), reactive power import from grid source was increased by 
1.35 MVAR and 2.4 MVAR during first step and second step load excursion. Due to the 
increased reactive power demand, PF at PCC bus was consequently dropped to 0.85 and 
0.8 during first step and second step load excursions. As compared to the normal load 
condition, voltage level at PCC and grid bus were observed to be low during load change 
and low wind /solar condition. For case 1, the required reactive power to the network is 
being imported by the grid as per the load demand and hence wind and solar PV inverters 
are operated at unity PF. Considering with and without RPM in the proposed network, 
Table 26 shows voltage level, PF and grid reactive power import for the formulated 
cases. 
 
Figure 78 Voltage level at PCC bus and grid bus without RPM 
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Figure 79 PF at PCC bus and Grid reactive power import 
5.6.2 Case 2: Implementation of RPM during step load excursion  
This case aims to check the performance of the proposed RPM scheme with step 1 and 
step 2 load. According to the control strategy presented in the flow chart, solar PV and 
the WG inverters will respond to the load excursion in the system and operates with 
the adequate reactive power contribution by assigning Q-set 1 and Q-set 2. These 
modes of operation will contribute the required reactive power and regulates the 
voltage level at grid bus and PCC bus. During the 1st step load condition, Q-set 1 was 
assigned to PV inverter and WG. With assigned Q-set 1, PV inverter and WG 
contributes 0.25 MVAR and 1.25 MVAR respectively to the network. During this 
condition, the reactive power import from the grid was observed around 4.95 MVAR, 
shown in Table 26. As compared to the case 1 reactive power import (6.55 MVAR) 
during first step load, grid import has been reduced by 1.6 MVAR. This is due to the 
cumulative reactive power (1.5 MVAR) support of WG and PV inverter with Q-set 1 
operation. When compared to the case 1, voltage level at grid bus and PCC bus were 
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improved from 0.93 to 0.94 and 0.9 to 0.92 respectively with the assigned Q-set1 for 
WG and PV inverter. Consequently, PF at PCC was observed to be 0.9, recovering a 
difference of 0.05 as compared to case 1. 
During second step load, Q-set 2 was assigned to PV inverter and WG contributing 
0.45 MVAR and 1.75 MVAR respectively to the network. Due to this, reactive power 
import from the grid was observed as 5.2 MVAR. When compared to the case 1 grid 
reactive power import (7.6 MVAR), grid import in the current scenario was nearly 
reduced by 2.4 MVAR due to the cumulative reactive power support from WG/PV 
inverter with Q-set 2 operation, shown in Table 26. The voltage levels at PCC bus and 
grid bus were observed to be 0.92 and 0.94 respectively while improving a difference 
of 0.03 pu when compared to case 1. Similarly, the PF at PCC bus was observed to be 
improved from 0.8 to 0.9.  
From case 2 analysis, it can be evident that due to the combined reactive power support 
from WG/PV inverter, reactive power import from the grid source has been reduced 
significantly during 1st step load and 2nd step load conditions when compared to case 1 
analysis. With the effect of reactive power contribution from both the sources, PF at 
PCC bus was found to be improved. Apparently, the voltage level at PCC bus and grid 
bus were improved with the proposed RPM control strategy. Due to the reduced 
reactive power import, minimization of power losses in the network and less 
dependence of FACTS devices for reactive power support can be ensured. 
5.6.3 Case 3: RPM during low wind/ low solar condition 
  In addition to the load variations in the network, low wind /low solar condition (4th sec 
to 5th sec) was considered for analysing the effectiveness of the proposed control 
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strategy of RPM. During low wind and low solar condition, available reactive power 
from the WG/PV inverter had been utilized in minimum level while maintaining the 
allowable operating PF standard. In addition, STATCOM is utilized for additional 
reactive power support meeting the voltage, reactive power and PF constraints of grid 
bus and PCC bus. The following results were observed during the combined action of 
WG, PV inverter and STATCOM along with grid source for reactive power support. 
Figures in Appendix C illustrates the voltage level, PF and reactive power results 
during low wind and low solar PV conditions at respective. 
 
                Figure 80 voltage level at PCC bus and grid bus with RPM 
From Table 26, it can be evident that reactive power from wind/PV and STATCOM 
has been actioned in a coordinated way, supporting around 2.65 MVAR. Reactive 
power reserve from PV and wind has been utilized based on their respective reactive 
power capability following the operating limits of PF. This coordinated control action 
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further reduces the grid import level by 3 MVAR (imports only 4.6 MVAR) when 
compared to case 1 (7.6 MVAR import), shown in Figure 81. Consequently, PF at grid 
bus and PCC bus were improved and maintained as 0.9, shown in Figure 82. Similarly, 
voltage level at grid bus and PCC were also improved to 0.94 and 0.92 respectively as 
compared to case 1 scenario shown in Figure 80. 
 
Figure 81 Reactive power from WG, PV and grid 
     
In summary, during normal wind and solar condition, Q set 1 and Q set 2 were assigned 
to WG/PV inverter with respective to the load excursion and thus improves the voltage 
level at PCC bus  (0.92 pu ) and grid bus (0.94pu) and the PF (0.9). In addition, during 
low wind and low solar PV conditions, reactive power support from grid, WG/PV 
inverter and STATCOM was effectively managed by adopting the proposed control 
strategy of RPM. Thus, the proposed control strategy of RPM regulates the voltage 
level and PF at PCC bus and grid bus during load excursion /low wind/solar conditions 
and hence reduces the excess burden on grid. Considering with and without RPM in 
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the proposed network, Table 26 shows voltage level, PF and grid reactive power import 
for the formulated cases. 
 
Figure 82 PF of WG, PV and grid 
5.6.4 Case 4: RPM during fault 
Considering normal wind and solar, a single line (phase-A) to ground (SLG) fault was 
applied between 4 and 4.2 sec with full load condition (2nd step load is in action) and 
the system with and without proposed RPM technique will be analysed. Figure 83 and 
Figure 84 depict the voltage level at PCC, terminals of wind and solar PV with and 
without the proposed control technique. Due to sudden fault, the stator flux response 
in DFIG causes a raise in stator and rotor currents. As result, the terminal voltage of 
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DFIG was reduced to 475 V. With the effect of voltage drop at DFIG terminals, 
corresponding voltage at PCC was also observed to be dropped. From the simulation 
results ,  it can be observed with a sudden fault in the network, the voltage level at PCC 
bus was dropped to 0.71 pu with deep undershoot. Due to the deep voltage sag, 
proposed RPM is activated in the network and appropriate set points were initiated 
among wind, solar PV and D-STATCOM for reactive power dispatch. Initially, 
reactive power from DFIG and solar PV will be dispatched and then D-STATCOM is 
activated in the system. This coordinated reactive power dispatch action along with 
grid reactive power support will ameliorate the voltage level at PCC, DFIG and solar 
PV terminals and helps to improve the voltage undershoots at respective bus terminals. 
Due to the cumulative reactive power dispatch from wind and PV inverters, undershoot 
at PCC had been improved to 0.73 pu. During this scenario, wind and PV contributes 
around 1.25 MVAR and 0.25 MVAR respectively.  
In addition, with the proposed scheme, external reactive power support from D-
STATCOM was utilized along with the reactive power support from integrated DG to 
work better during the fault dynamics. Due to this phenomenon, voltage level at PCC 
was further improved to 0.8 pu, since D-STATCOM contributed around 3.5 MVAR 
during fault. However, a sharp overshoot was observed as trade-off in the voltage level 
during the process of undershoot voltage level improvement. This is due to the abrupt 
control action of voltage regulator in D-STATCOM with respective to the RSC control 
in DFIG. With the cumulative reactive power contribution among wind, solar PV, D-
STATCOM and grid , the level of DFIG terminal voltage undershoot has been 
improved to 515 V. Similarly, drop in terminal voltage (210V) of solar PV inverter has 
been improved to 224 V. In addition, after fault recovery, the time taken for reaching 
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the steady state level of PCC bus voltage was much quicker in case of RPM control 
strategy. 
 
Figure 83 Voltage level at PCC bus during grid fault 
From Figure 84 , it can be observed that peak overshoot in reactive power of WG has 
been reduced to 2 MVAR with the support of D-STATCOM as compared to the peak 
over shoot (2.5 MAVR) without STATCOM support. However, during the fault 
clearance time, an undershoot exists, which is slightly higher than the normal case. 
This is due to the switching action of D-STATCOM converter control with respective 
to the DFIG converter control. If GSC is considered for reactive power support (with 
converter capability limit of GSC), DFIG produces an average of 2.2 MVAR based on 
the proposed control setup. Figure 85 shows the DFIG reactive power with both RSC 
and GSC contribution. With the effective utilization of D-STATCOM, it can be seen 
that the maximum rotor current of WG during fault was reduced to 1.3 pu with D-
STATCOM utilization as compared to the rotor current 1.6 pu without D-STATCOM. 
Hence, this shows the effectiveness of the proposed scheme in terms of increased the 
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RSC safety margin under fault condition. Figure 86 depicts the rotor currents with and 
without D-STATCOM. 
 
Figure 84 (a) Terminal voltage (Phase to ground) of WG (b) Terminal voltage (Phase to ground) of PV 
 
Figure 85 Reactive power of DFIG from RSC only 
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Figure 86 Reactive power of DFIG from RSC and GSC 
Further, during fault, with the effect of reactive power injection from the STATCOM, 
rotor surge current was reduced to 1.3 pu, shown in Figure 88. This enhances the 
margin level of rotor current with respect to the maximum limit (2.0 pu) [152]. This 
reduces the effect of overheating in the rotor winding of WG ensuring the safe 
operation during fault condition. Results overview during this analysis are shown in 
below Table 27. 
 
   Figure 87 D-STATCOM reactive power 
In summary, with the proposed RPM, PV and WG supports minimum reactive power 
using the modified reactive power controls and hence the voltage level at PCC bus was 
improved to 0.73 pu during fault. With the implementation of STATCOM, voltage 
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level at PCC bus was further improved to 0.8 pu . In addition, after fault recovery, the 
time taken for reaching the steady state level of PCC bus voltage is much quicker in 
case of RPM control strategy. The terminal voltages of WG and PV inverter were also 
improved exhibiting a superior performance with respective to LVRT reserve 
capability by considering the major reactive power contribution from D-STATCOM. 
In addition, peak overshoot in reactive power reduced significantly with the application 
of D-STATCOM. The effectiveness of the proposed control strategy can be witnessed 
in terms of performance indices such as peak overshoots in reactive power and rotor 
currents. 
 
Figure 88 Rotor current (a) without STATCOM (b) with STATCOM 
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Table 27 Results over view during fault 
Parameters Without 
D-STATCOM 
With 
D-STATCOM 
PCC voltage (pu) 0.73 0.8 
WG terminal voltage (V) 473 520 
PV terminal voltage(V) 209 224 
Rotor current (pu) 1.6 1.3 
WG reactive power injection(MVAR) 2.5 2.1 
 
5.7 Conclusion 
In this chapter, a typical grid connected MV power network with integration of 
WG/PV/D-STATCOM has been developed in MATLAB-SIMULINK environment. A 
coordinated control strategy of RPM has been proposed and implemented in the 
network model in order to get regulation of voltage and PF, reduced reactive power 
import from the grid, minimization of power loss, enhanced dynamic reactive power 
reserve, transient stability and improved LVRT reserve capability of PV and WG. 
From the results, it can be seen that, when compared to case 1 analysis, the proposed 
control strategy of RPM in case 2 analysis shows superior performance in maintaining 
the voltage level and power factor during the first step and second step load change 
conditions. With the coordinated control action of WG/PV inverter, reactive power 
import from the grid has been significantly reduced during load excursion resulting in 
minimization of power loss in the network. Utilizing reactive power reserve from WG 
and PV inverter will tend to make the less dependence of   FACTS devices for reactive 
power support. In addition, the proposed control strategy has played a significant role 
during low wind/solar condition by utilizing reactive power from STATCOM/WG/PV 
and the grid source in a coordinated way (presented as case 3). As per the allowable 
operating PF standards, minimum reactive power of WG and PV inverter has been 
128 
 
utilized, using only a smaller capacity STATCOM for reactive power support. Further, 
with the effective utilization of D-STATCOM, an improved performance of the 
proposed control strategy had been evidenced in enhancing the voltage level at PCC 
bus, LVRT reserve capability of WG/PV inverter, reduced rotor current of WT, 
reduced reactive power overshoot of WT, improved terminal voltage of PV and WG. 
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CHAPTER 6 
OPTMIZED LVRT CONTROL FOR DFIG BASED WT 
6.1 Introduction 
This chapter proposes an optimized control strategy to enhance the low voltage ride 
through (LVRT) capability of DFIG under fault condition. According to the grid code 
requirements [92], WT should remain connected to the grid during and after fault 
without any damage. Due to the undesirable characteristics and the limited control 
rating of converter devices, controlling active and reactive power is a critical issue for 
DFIG under such scenarios. The conventional crowbar systems that were applied to 
protect RSC will behave as Squirrel cage machine and absorbs reactive power from 
the grid. Further, the most commonly employed control algorithm in DFIG is the vector 
control method, decoupling the active and the reactive components of rotor current. 
Despite being simple, while adopting the conventional vector control method, the 
performance of the whole system mainly depends on inner current control loop and 
outer voltage control loop. Moreover, due to the limited bandwidth constraint, 
conventional control experiences a sluggish response under transient conditions 
degrading the capability of DFIG, especially in terms of LVRT.  
From the reactive power result presented in Chapter 5, it can be evident that with the 
amount of reactive power available from the coordinated system between GSC and 
RSC emphasizes the voltage at PCC, terminals of WG during and after the fault 
clearance. However, due to the sluggish behavior of the PI controller under transient 
conditions the reactive power is not steady enough to effectively control the voltage 
level at WG terminal and PCC bus of the network. Hence, these factors has led to the 
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design of optimized control techniques that can effectively ride through the fault under 
symmetric and asymmetric fault condition. 
To effectively optimize the control response of RSC, a two-staged optimized RSC 
controller is proposed in this chapter, improving the performance of the DFIG under 
steady state and transient conditions. A combination of Fuzzy based voltage controller 
(FBVC) and PSO optimized current regulator were implemented in the current 
modelling to effectively optimize the control response of the RSC and to ameliorate its 
overall response during fault and post fault conditions for both to symmetric and 
asymmetric type of faults.  
This chapter is divided in to four sections:  section 6.2 presents the proposed model 
used for simulation with optimized control technique. Results of the proposed control 
technique are discussed in section 6.3. Section 6.4 concludes the outcomes and 
findings. 
6.2 Optimized RSC controller  
As mentioned in Chapter 3 (literature), a vector control strategy is used to decouple the 
active and reactive power for a DFIG based wind power system. For RSC controller, 
the active power and reactive power are controlled independently by means of 
controlling active reference current (idr) and reactive reference current (iqr) 
respectively. The main aim of the proposed two staged RSC controllers presented in 
this section is to provide an enhanced reactive power support to the power network by 
effectively controlling the terminal voltage of DFIG and PCC bus under different fault 
scenarios. In addition, the optimized control scheme of RSC also provides an improved 
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performance in terms of  harmonics by reducing the voltage and current harmonic level 
at PCC bus and WG terminal according to AS4777 std [109, 134].  
The proposed two staged optimized RSC controllers with FBVC and PSO tuned 
current controller is shown in Figure 89. For fair comparison, the proposed RSC 
controller is implemented in the same network presented in Chapter 5. The following 
sections explains the proposed RSC control scheme in two stages. 
 
                                Figure 89 Optimized RSC controller of DFIG for enhanced LVRT 
6.3 Proposed FBVC for RSC   
Due to the nonlinearity of the power system and the linearization issues, control of 
DFIG is inaccurate using the conventional control techniques, especially under fault 
conditions. To improve the response of the DFIG under different fault conditions, the 
PI controller gains needs to be supervised well by adopting the changes to different 
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fault conditions. Thus, an adaptive control technique for PI has been proposed in this 
section providing an ancillary level of voltage control to RSC by means of supervising 
the gains of conventional PI voltage controller using Fuzzy logic. 
Fuzzy based PI controller is the discrete time version of the conventional PI controller, 
maintaining a similar linear structure of proportional and integral parts [122, 153]. 
Adapting Fuzzy rules in conventional voltage control will provide better performance 
when compared to the conventional voltage controller as it converges fast by 
overcoming the unpredictable parameter variations such as large voltage error (VE) in 
the system and thus exhibits an improved performance under transient conditions. 
 
Figure 90 Fuzzy based Voltage Control for RSC 
 
Fuzzification, fuzzy inference engine and de-fuzzification are the main streams of the 
FLC [154]. For the proposed FBVC, a mamdani based Fuzzy logic approach has been 
designed using the voltage error (VE) and the change of voltage error (ΔVE) to control 
and optimize the reactive current reference , Iqr  generated form the voltage controller 
of  RSC and thus effectively controlling and optimizing the reactive power utilization 
from DFIG under fault conditions. Since more than one rule should be fired at each 
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time, a triangular membership function with overlap is used as input and output of the 
FLC at each time for better control action of the proposed FBVC scheme. For rule base 
construction, voltage error (VE), change of voltage error (ΔVE), proportional gain of 
voltage controller (KP1) and integral gain of voltage controller (Ki1) are portioned in to 
different fuzzy sets. The details of the implemented FBVC are provided in next sub-
sections. 
6.3.1 Fuzzification process for FBVC 
From the Figure 90, Vref and V are the desired and actual AC voltages of the voltage 
controller for RSC. For the proposed FBVC, the voltage error (VE) and change of 
voltage error (ΔVE) are fed as two inputs to the Fuzzy system and the variables k′pq 
and k′iq are the two outputs of the fuzzy system. Different values of proportional and 
integral gains are obtained through the FLC using the voltage error and its derivative. 
In other words, in the current scheme, Fuzzy controller adjusts the parameters of 
conventional PI voltage controller and it generates new gains. The generated new gains 
are used by the PI controller for the next control action and an optimized control signal, 
Iq_ref  is generated for optimized reactive power support from DFIG. Referring to the 
literature presented in Chapter 3, equation for reactive power in simple terms can be 
expressed as follows. 
                                                  s s rq
3Q = - v i
2
                                                                 (6.1)                                                                                 
From Figure 89, reactive current reference can be expressed as follows: 
                   ( ) ( ) ( )
ref 0q pq iq
                i t =k VE t +k V  E t dt
t
′ ′ ∫                                          (6.2) 
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Where, 
                                    ( ) ( ) ( )ref VE t  = V t  – V t                                                    (6.3)                                                                                
 Change of error (ΔVE) during nth iteration can be expressed as follows:     
                             ( ) ( ) ( ) ΔVE n = VE n  – V E n-1                                              (6.4) 
During Fuzzification, inputs VE and ΔVE are adjusted  such that the inference system 
uses it effectively to generate the required output using the membership functions. 
Fuzzy inference system takes the inputs signal and assigns the respective membership 
value to the membership function. The following section illustrates the input and 
output membership function used while constructing the fuzzy rules. 
 
Figure 91 Input membership functions 
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6.3.2 Membership functions for the proposed FBVC 
Figure 91 and 92 shows the input and output membership functions developed for the 
FBVC. The seven linguistic terms considered used while constructing the input 
membership functions are negative big (NB), negative medium (NM), negative small 
(NS), zero (Z), positive big (NB), positive medium (PM), positive small (PS). For ease 
rule analysis, output function  KPq, utilizes four membership functions and Kiq uses 
three membership functions.  
             Voltage error (VE) = [LN, MN, SN, Z, SP, MP, LP]                                 (6.5) 
             Change in voltage error (ΔVE) = [LN, MN, SN, Z, SP, MP, LP]               (6.6)      
             Change in proportional gain ΔKP = [N, S, M, L]                                       (6.7) 
              Change in integral gain ΔKI= [S, M, L]                                                     (6.8) 
 
Figure 92 Output membership functions 
a. Δ
b. Δ
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6.3.3 Implemented Fuzzy rules  
Table 28 and 29 shows the implemented rule base matrix for the output functions of 
Fuzzy. By implementing if-then rules, the rule base is constructed for generating output 
variables of Fuzzy. Considering the extent of voltage error during steady state and 
transient conditions, ΔKP and ΔKI  are generated as Fuzzy outputs. For instance, if the 
voltage error is large and the change in error shows the AC voltage waveform diverges 
away from the reference, then ΔKP is increased to make sure that the proposed system 
has good tracking performance. On the other hand, if the waveform is converging 
towards reference value, ΔKI value is increased to reduce the high overshoot and 
improve settling time of the control signal. Thus, a tight compensation is achieved for 
the control signal Iq_ref , generated by the proposed FBVC controlling and optimizing 
the injected reactive power in to the grid effectively and there by compensating the 
voltage sag effects during fault. 
Table 28 Rule base for ΔKP 
VE v/s 
ΔVE  
LN MN SN Z SP MP LP 
LN L L L M S S N 
ML L L M S S N S 
SN L M S S N N Z 
Z M N N N N N M 
SP N N N S S M L 
MP S N S S M L L 
LP N S S M L L L 
 
Table 29 Rule base for ΔKI 
VE v/s 
ΔVE 
LN MN SN Z SP MP LP 
LN M M M S S S S 
ML M M M S S S S 
SN L L L S S S S 
Z L L L S L L L 
SP S S S S L L L 
MP S S S S M M M 
LP S S S S M M M 
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Fuzzy set obtained through the inference engine is transformed in to a new control 
outputs as crisp outputs. During next control action, the crisp out puts are replaced with 
the old control parameters of the PI controller. Centroid method has been implemented 
for Deffuzification process. 
6.4 PSO based RSC current controller  
In addition to the proposed FBVC, conventional RSC controller is further modified by 
incorporating PSO algorithm in current controller of RSC as second stage optimization 
scheme and thus enhancing LVRT capability of DFIG and regulating the voltage level 
at PCC. As the main aim of the proposed controller is to effective utilize the reactive 
power while maintaining the voltage level at WG and PCC bus and to minimize the 
level of harmonics it is worthwhile to optimize active and reactive current components 
in current controller of RSC. Proposed PSO algorithm with the assigned cost function 
is implemented using MATLAB M-file programmed in SIMULINK software 
environment. The objective function or the selected fitness function which is to be 
minimized by PSO is the direct and quadrature current errors using ISE and the over 
voltage inequality constraint through penalty function method. This process is 
executed through MATLAB command codes and the control gains of the RSC reactive 
current controller were optimized by running several simulations. 
6.4.1 Cost function (CF) formulation 
Using PSO tuning approach, proportional (kpd ,kqd) and integral (kpi ,kqi) gains of RSC 
current controller has been considered to tune by means of formulating the Integral 
Square Error (ISE) function. Equation 6.9 shows the required cost function for the 
current scenario. 
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     Objective function (Cost function) = Integral square Error (ISE)                  (6.9) 
                                 Fitness function (FF) = ( )
t
2
0
E t  dt∫                                       (6.10)                              
Where, E = Ed + Eq   
Here, E2 (t) is the error of active and reactive controller variables with respect to time.  
Error signal (E) is the sum of the d-axis and q-axis current errors for RSC controller. 
The objective function constitutes the following set of control parameters during the 
process of optimization. 
                                            pd id pq iqF = K , K  K , K[ ]                                              (6.11)
 
As per the current control loop equations, by means of optimizing RSC current 
controller, output voltage Ud , Uq can be regulated and hence this will have significant 
impact on active and reactive power optimization and will enhance the DFIG terminal 
voltage and PCC voltage. Table 30 shows the setup and formulation of cost function 
for the current analysis. From the control block representation shown in Figure 89, the 
control equations for reactive power can be given as 
                                         d 1 pd id
t
0
2U = (IE ) k +k IE (t)∫                                             (6.12)                                                
                                        d 2 pq iq
t
0
2U =(IE )k + k IE (t)∫                                               (6.13) 
Where,                                 
                                             IE1 = id_ref − id                                                        (6.14) 
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                                         IE2 = iq_ref − iq                                                (6.15) 
Here, the iq_ref is the optimized reactive current reference generated from the FBVC 
control shown in equation 6.2 
Table 30 Setup for formulation of cost function 
Parameters Value 
Swarm size (n) 30 
Number of iterations (i) 50 
Lower bound of Kp for RSC active and reactive current controller [0.01 0.01] 
Lower bound of Ki for RSC active and reactive current controller [0.001 0.001] 
Upper bounds of Kp for RSC active and reactive current controller [500 500] 
Upper bounds of Ki for RSC active and reactive current controller [200  200] 
 
6.4.2 PSO set up and step by step process  
Step 1: Input the system parameters  
• Input d axis and q axis q-axis current errors (IE) 
• Assign upper and lower bounds for the control gains of two PI controllers 
• Set ISE term function for optimizing problems of the PI controllers  
• Feed the penalty function for the constraint. 
• Set other PSO parameters (Swarm size, iterations, C1/C2, r1/r2, initial 
velocity (V), inertia weight (w) 
Step 2: Initialization  
• Initialize particle position and velocity randomly according to the upper and 
lower bounds of control variables.  
• Evaluate objective function of each particle in the initial population  
Step 3: Set iterations K = K+1  
• Update inertia weight w(k) as per the below equation (ref literature) 
• Update Velocity of each particle as per the equation 6.16 
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          K+1 k k k k ki i 1 1 (Pbest) i 2 2 (gbest) i  V w.V + c r [X -X ]+ c r [X -=  X  ]                              (6.16)        
Where, viK  is the current velocity, viK+1  is the modified velocity.  
Step 5: Update position of particles as per equation 6.17        
                                                (K+1) K (k+1)i i iX =X +V                                                  (6.17)                                          
Where, XiK is the current searching point, XiK+1  is the modified search 
position.         
 
Step 6: Update Individual best (Pbest)  
 
• Evaluate fitness function of each particle with the current position and 
updates as local best (Pbest)  
 
Step 7: Update global best (Gbest)  
 
• Evaluate minimum value among the Pbest and update as global best  
 
Step 8: If Iterations ≥ maximum iterations; (go to Step 9, else to Step 3)  
 
Step 9: Optimized output result “G best” 
 
Step 10: End      
 
         Table 31 Optimized current controller values 
Optimized parameters of PI Controller KP Ki 
Current control loop d-axis 11.34 1.2 
Current control loop controller q-axis 96.54 1.87 
 
6.5 Results and discussions  
From the results presented in Chapter 5, it can be evident that with the amount of 
reactive power available from the coordinated system between GSC and RSC 
emphasizes the PCC and the terminal voltage of WG during and after the fault 
clearance. However, due to the slow behavior of the PI controller under transient 
conditions the reactive power is not steady enough to effectively control the voltage 
level at WG terminal and PCC bus of the network. In this section, the effectiveness of 
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the proposed control strategies of RSC were analyzed through a comprehensive 
simulation study conducted in two stages.  
Initially, proposed FBVC is implemented as first stage optimization approach and later 
the performance of the PSO tuned current controller with FBVC will be analyzed as 
second stage optimization strategy to LVRT issue. Apart from the response of the 
proposed RSC controller, the response of the conventional control system is also cited 
in this section. For comparative analysis, proposed FBVC and PSO based results are 
contrasted with those yielded by conventional PI controller for the same model layout 
presented in Chapter 5, considering asymmetric and symmetric fault condition. In this 
study, MATLAB simulations were considered for 3 secs with an applied fault at 1.5 
sec for around 0.3 sec duration. 
 
Figure 93 Reactive power response of DFIG under Asymmetric fault 
6.5.1 Performance analysis of the proposed FBVC under asymmetric fault  
It is well known that most of the faults in the power network are asymmetric faults. 
For the system shown in Figure 63  (in chapter 5), a SLG fault is applied between 1.5 
6.8 MVAR (PI)
5.5 MVAR  (FBVC)
0.75 MVAR at 0.7sec  (FBVC)
0.75 MVAR at 1.2sec  (PI)
2.7 MVAR (FBVC)
3.5 MVAR (PI) - overshoot
2 MVAR (PI)
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sec and 1.8 sec between phase A and ground system to analyze the optimized control 
action of proposed FBVC of RSC under unbalanced fault conditions. 
 
Figure 94 DC-link voltage variations of DFIG under asymmetric fault 
6.5.1.1 Reactive power, DC-link voltage and rotor current analysis of DFIG 
Figure 93 depicts the total reactive power response from DFIG under steady state and 
transient conditions. From this Figure, it can be evident that the reactive power quickly 
attains a steady state value at 0.5 sec supporting 0.7 MVAR under pre-fault conditions 
compared to the conventional RSC voltage controller response. In addition, proposed 
FBVC controller of RSC aids to maintain quick stable reactive power response 
compared to the PI controller while maintaining 2.7 MVAR during SGL fault. 
Moreover, reactive power fluctuation caused during fault clearing time was relatively 
small compared to the conventional controller. Hence, the dynamic performance is 
high level overshoot (PI)
overshoot reduced  (FBVC)
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more stable gaining an instant response and settled with in 0.2 sec after fault clearance. 
Table 32 summarizes the improved performance of FBVC in terms of reactive power 
overshoots, steady state value and settling times. 
Table 32 Reactive power overview under SLG fault condition with FBVC 
Time(sec) overshoot value 
(MVAR) 
Steady state value 
(MVAR) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault  (0-1.5) 5.5 6.8 0.75 0.75 0.5 1 
Fault  (1.5-1.8 ) 1.8 1.8 2.8 2.2 1.6 1.8 
Post fault  (1.8-3) 3.5 3.5 0.75 0.75 2 2.3 
 
 
Figure 95 Rotor current under Asymmetric fault (a) with PI (b) with FBVC          
A significant raise in the DC-link voltage was observed during fault, resulting an 
overshoot in DC-link voltage around 1200V with the PI controller. This is due to the 
uncontrolled reactive power flow from RSC to GSC with the sluggish nature of 
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conventional control under fault condition. FBVC helps to maintain the DC-link 
voltage close to the nominal value (1150V), with minimal overshoots and undershoots 
compared to the PI controller action as shown in Figure 94. In addition, after fault 
clearance, minimal overshoot was observed when compared to the conventional 
control. Figure 95 depicts the rotor current variations during disturbance and from this 
analysis it can analyzed that the rotor current variations were high with maximum value 
of 1.8 pu, which is close the break through current value (2pu). On the other hand, with 
FBVC implementation, rotor currents were observed to be low with nearly 1pu current. 
Figure 96 shows the voltage and current error tracking response comparison of the 
network with and without the proposed controller. 
 
Figure 96 Voltage error comparison - FBVC and PI  
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6.5.1.2 LVRT investigation at WG terminal and PCC  
Figure 97 shows the DFIG terminal voltage response under SLG fault condition. Due 
to the SGL fault, there is an abrupt voltage drop at WG terminal and at PCC. Adopting 
a sluggish nature of DFIG reactive power, the conventional voltage control of RSC 
cannot ride through the voltage drop significantly under this condition. As a result, the 
voltage sag at WG during fault is highly unstable supporting only an average voltage, 
470V during fault. The voltage drop at the WG terminal of DFIG also affects the PCC 
voltage intensively. Figure 98 depicts an average voltage of 0.78 pu at PCC during 
fault and the nature of voltage during fault is variable without reaching steady state. 
 
Figure 97 DFIG terminal voltage under asymmetric fault condition 
On the other hand, proposed controller maintains a constant voltage level 500 V at WG 
terminal during fault, riding through the unstable voltage behavior of PI controller with 
significant reactive power support from DFIG. This will impact the voltage response 
at PCC bus positively with an improved and optimized voltage level during fault and 
steady state conditions. The superior performance of the proposed controller is clearly 
555V at 0.3sec  (FBVC)
555V at 0.9sec  (PI)
615V  (PI) - overshoot
590V  (FBVC) 
500V
465V dip (PI)
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depicted in Figure 96 maintaining a quick steady state value with minimal voltage error 
during fault. Table 33 and Table 34 shows WG and PCC terminal voltages with FBVC. 
 
Figure 98 PCC bus voltage under asymmetric fault condition 
Table 33 WG terminal voltage overview under SLG fault with FBVC 
Time(sec) % of overshoot Steady state value 
(V) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault (0-1.5) 24.32 24.32 555 555 0.3 1 
Fault (1.5-1.8) - - 500 470 1.6 1.8 
Post fault (1.8- 3.0) 6.3 10.81 550 550 1.9 2.2 
 
                           
                               Table 34 PCC bus voltage overview under SLG fault with FBVC 
Time(sec) % of overshoot Steady state value 
(pu) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault (0-1.5) 19.56 19.56 0.92 0.92 0.3 1 
Fault (1.5-1.8) - - 0.8 0.77 1.6 1.8 
Post fault (1.8- 3.0) 3.26 7.6 0.92 0.92 1.9 2.2 
 
 
 
0.92 pu at 0.3sec (FBVC)
0.76 pu voltage dip (PI)
0.8 pu 
0.92 pu at 0.9 sec (PI)
0.99 pu (PI) - overshoot
0.95 pu (FBVC) 
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6.5.2 Performance analysis of the FBVC under symmetrical fault condition  
In this section, the effectiveness of the proposed FBVC is analyzed using symmetrical 
fault condition. A three phase to ground fault (3Ø) is imposed on grid side at 1.5 sec 
and cleared at 1.8 sec time. Reactive power, DC-link voltage and voltage were 
analyzed under symmetrical fault condition. 
 
Figure 99 Reactive power response of DFIG under symmetric fault 
6.5.2.1 Reactive power and DC-link voltage analysis of DFIG 
Figure 99 and Figure 100 depicts the DFIG reactive power and DC-link voltage 
responses during steady state and under fault conditions. In case of conventional 
voltage control of RSC, the generated reactive power of DFIG is not constant enough 
to support the required reactive power and contributes only an average of 2.3 MVAR 
during fault. In addition, continuous oscillations were observed in reactive power 
during fault clearance time. Due to this, settling time of reactive power was long and 
observed to be steady only after 0.8 sec of fault clearance. A significant raise in the 
DC-link voltage is observed during fault with an overshoot value 1210 V and the 
voltage behavior of DC-link is observed to be unstable with continuous oscillations. 
6.8 MVAR (PI)
5.5 MVAR  (FBVC)
0.75 MVAR at 0.7sec  (FBVC)
0.75 MVAR at 1.2sec  (PI)
3.5 MVAR (FBVC)
5.8 MVAR - overshoot
2.3  MVAR (PI)
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During the post fault condition, an overshot of 1270 V was observed at 1.8 sec and the 
settling duration of DC-link voltage was observed to be at 1.9 sec. 
 
Figure 100 DC-link voltage variations of DFI G under symmetric fault 
Table 35 DFIG Reactive power overview under 3Ø fault with FBVC 
Time(sec) overshoot value 
(MVAR) 
Steady state value 
(MVAR) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault (0-1.5) 5.5 6.8 0.75 0.75 0.5 1 
Fault (1.5-1.8) 1 1.2 3.5 2.3 1.6 1.8 
Post fault (1.8-3) 5.8 5.8 0.75 0.75 2 2.3 
 
In contrast, with the proposed RSC voltage regulator, reactive power attained a steady 
state value at 1.65 sec contributing 3.5 MVAR to the network during fault condition 
shown in Figure 99. Moreover, due to the controller instant response, reactive power 
settling time is much quicker when compared to the conventional voltage controller of 
RSC. In addition, with the proposed voltage controller of RSC, reactive power of DFIG 
settled quickly at 2 sec of simulation time, utilizing only 0.2 sec after fault clearance. 
Similarly, improved performance of the proposed controller can be seen with reference 
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to the DC-link voltage, minimizing the overshoots and undershoots during fault. 
Reactive power improvement with FBVC under 3Ø fault is summarized in Table 35. 
 
Figure 101 Voltage error comparison under 3Ø fault - FBVC and PI 
6.5.2.2 LVRT investigation at WG terminal and PCC  
In this case, the performance of the proposed control behavior is analyzed when the 
terminal voltage of DFIF is dropped to 300 V due to the 3Ø fault. The superior 
performance of the proposed controller is clearly depicted in Figure 101 maintaining a 
quick steady state value with minimal voltage error during fault. With the imposed 
fault, voltage drop at PCC bus was observed to be 0.48 pu. From Figure 102, the 
proposed voltage controller of RSC permits an improved and stable voltage 
performance with 330V at DFIG terminal. Similarly, improved voltage level at PCC 
was observed to be around 0.52 pu, shown in Figure 103. Unlike the case of 
conventional voltage regulator, proposed controller exhibited an improved 
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performance during the fault clearance in tracking the reference voltages of DFIG 
terminal and PCC more quickly, utilizing only 0.2 sec time after fault clearance. 
 
Figure 102 DFIG terminal voltage under symmetric fault condition 
 
Figure 103 PCC bus voltage under asymmetric fault condition 
From the above analysis, the proposed voltage control scheme for RSC using FBVC 
technique is viable with quick steady state and transient responses compared to the 
conventional PI, which is subject to longer duration while attaining the steady state, 
555V at 0.3sec  (FBVC)
555V at 0.9sec  (PI)
625V  overshoot
330V
300Vvoltage dip PI 260V 
voltage dip FBVC 300V 
0.92 pu at 0.3sec  (FBVC)
0.92pu at 0.9sec  (PI)
0.99 pu overshoot
0.5pu
0.46 pu
voltage dip PI 0.41 pu
voltage dip FBVC 0.48 pu
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and transient response under different scenarios. Table 36 and Table 37 summarizes 
the voltage improvement at PCC under 3Ø fault with FBVC. 
Table 36 WG terminal voltage overview under 3Ø fault 
Time(sec) % of overshoot Steady state value 
(V) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault (0-1.5) 24.32 24.32 555 555 0.3 1 
Fault (1.5-1.8) - - 330 300 1.6 1.8 
Post fault (1.8- 3.0) 11.6 12.61 555 555 1.9 2.2 
                                     Table 37 PCC voltage overview under 3Ø fault 
Time(sec) % of overshoot Steady state value 
(V) 
Steady state time(sec) 
FBVC PI FBVC PI FBVC PI 
Prefault (0-1.5) 24.32 24.32 0.92 0.92 0.3 1 
Fault (1.5-1.8) - - 0.51 0.46 1.6 1.8 
Post fault (1.8- 3.0) 8.2 8.0 0.92 0.92 1.9 2.2 
 
 
Figure 104 Reactive power response of DFIG under 3Ø fault  
 
 
6.8 MVAR (PI)
2 MVAR  (FBVC+PSO)
0.75 MVAR at 0.7sec  
0.75 MVAR at 1.2sec  (PI)
3.5 MVAR 
5.8 MVAR - PI overshoot
2.3  MVAR (PI)
4 MVAR 
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6.5.3 Impact of FBVC and PSO based current controller   
This section analyses the performance of the optimized RSC controller with FBVC and 
PSO base current control. Apart from the response of the proposed control system, this 
section also cites the response of the conventional control to show that with the 
proposed control, DFIG manages to ameliorate its overall response during steady state, 
fault and post fault condition. First part of the simulation was concentrated to analyze 
the superior performance of the proposed RSC controller in terms of reactive power, 
DC-link voltage and voltage level at WG terminal and PCC bus. Second part of this 
section analyses the THD at WG terminal and PCC bus and the results were compared 
with the conventional control approach towards fault. 
 
Figure 105 Reactive power response of DFIG under SLG fault 
6.5.3.1 Reactive power and DC-link voltage under asymmetrical and symmetrical 
fault condition 
From Figure 104, it can be evident that with the optimal coordination of the two 
converters (FBVC+PSO tuned current control), reactive power quickly attains a steady 
state value at 0.7 sec supporting a total of 0.75 MVAR under pre-fault condition as 
compared to the conventional RSC voltage controller response. In addition, the peak 
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overshoot or the abrupt reactive power injection in to the power network was also 
reduced under steady state and fault condition. For instance, in case of three-phase 
fault, the optimal coordination of the proposed RSC controller had effectively 
attenuated the reactive power peak over shoots from 5.8 MVAR to 4 MVAR during 
fault clearing time. PSO incorporated in current controller aids to maintain the stable 
reactive power response injecting 3.5 MVAR to the grid during 3Ø fault. In addition, 
with the coordinated control operation of RSC, no oscillations were observed in 
reactive power during fault clearance time. Table 38 and Table 39 compares the 
improved performance of proposed RSC control with the conventional under 3Ø and 
SLG fault condition. Similarly, under SLG fault condition, performance of the 
proposed RSC controller is shown in Figure 105. 
 
Figure 106 DC-link voltage variations of DFI G under 3Ø fault (FBVC+PSO) 
Table 38 DFIG Reactive power overview under 3Ø fault (FBVC + PSO) 
Time(sec) overshoot value 
(MVAR) 
Steady state value 
(MVAR) 
Steady state time(sec) 
FBVC+PSO PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-1.5) 2 6.8 0.75 0.75 0.5 1 
Fault (1.5-1.8) - - 3.5 2.3 1.6 1.8 
Post fault (1.8-3) 4 5.8 0.75 0.75 2 2.3 
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                        Table 39 DFIG Reactive power overview under SLG fault (FBVC + PSO) 
Time(sec) overshoot value 
(MVAR) 
Steady state value 
(MVAR) 
Steady state time(sec) 
FBVC+PS
O 
PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-1.5) 2 6.8 0.7 0.7 0.5 1 
Fault (1.5-1.8) - - 2.8 2.2 1.6 1.8 
Post fault (1.8-3) 2.8 3.5 0.7 0.7 2 2.3 
 
In addition, the optimal coordination of FBVC and PSO optimized current control 
attained better performance in terms of optimizing DC-link voltage too as shown in 
Figure 106. The DC-link overvoltage fluctuations were constrained under steady state 
and as well as the during fault condition such that that the capacitor will operate under 
safe limits without stressing for the possible destruction due to sudden transients in the 
network. 
 
Figure 107 DFIG terminal voltage under fault condition 3Ø fault (FBVC+PSO) 
6.5.3.2 LVRT investigation at WG terminal and PCC during Symmetrical and 
asymmetrical fault condition 
Through the optimal coordination of the two controls, voltage at PCC and the WG 
terminals were controlled effectively. Figure 107 to Figure 110 illustrates the enhanced 
555V at 0.5 sec  (FBVC+PSO)
555V at 0.9sec  (PI)
625V  PI overshoot 
330V
300V260V Voltage dip ( PI)
300V Voltage dip ( FBVC +PSO ) 
600V  overshoot reduced
690V  (PI)
575 V (FBVC+PSO)
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performance of the proposed controller in terms of riding through the voltage during 
fault, prefault and post fault time considering 3Ø and SLG fault. 
 
Figure 108 PCC bus voltage under fault condition 3Ø fault (FBVC+PSO)        
 
Figure 109 PCC bus voltage under fault condition SLG fault (FBVC+PSO)  
In addition, the controller also exhibits a better performance under pre-fault condition 
too. During pre-fault condition, the abrupt raise in WG terminal voltage was reduced 
and a minimum peak overshoot of 575V was with the application of the proposed 
0.92 pu at 0.5 sec  (FBVC+PSO)
0.92pu at 0.9sec  (PI)
0.99 pu overshoot
0.5pu
0.46 pu
voltage dip PI 0.41 pu
0.48 pu
1.15 pu  (PI)
0.93 pu  (FBVC+PSO)
0.92 pu at 0.4 sec 
0.76 pu voltage dip (PI)
0.92 pu at 0.9 sec 
0.99 pu (PI) - overshoot
0.8 pu 
0.93 pu 
1.15 pu (PI) 
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controller and this value is close to the nominal aided with quick settlement compared 
to the conventional control approach.  
Table 40 WG terminal voltage overview under 3Ø fault 
Time(sec) % of overshoot Steady state value 
(V) 
Steady state 
time(sec) 
FBVC+PSO PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-
1.5) 
3.6 24.32 555 555 0.3 1 
Fault (1.5-
1.8) 
- - 330 300 1.6 1.8 
Post fault 
(1.8- 3.0) 
8.1 12.61 555 555 1.9 2.2 
      
                                 Table 41  PCC bus voltage overview under 3Ø fault (FBVC+PSO) 
Time(sec) % of overshoot Steady state value (V) Steady state 
time(sec) 
FBVC+PSO PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-1.5) 1.08 24.32 0.92 0.92 0.3 1 
Fault (1.5-1.8) - - 0.51 0.46 1.6 1.8 
Post fault (1.8- 
3.0) 
1.08 7.6 0.92 0.92 1.9 2.2 
 
 
 
Figure 110 DFIG terminal voltage under fault condition 3Ø fault (FBVC+PSO) 
From Figure 110 it can be illustrated that, in case of proposed control, the terminal 
voltage of the WG is being supported and controlled effectively, maintaining a steady 
voltage level of around 330 V during 3Ø fault. The peak overshoot of voltage during 
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fault clearance was reduced from 625V to 600V depicting the optimized performance 
of the RSC controller with FBVC and PSO approach. Figure 111 represents the voltage 
and current error tracking response comparison of the network under simulation 
 
Figure 111 Comparison of voltage and current error tracking responses 
Table 42  WG terminal voltage overview under SLG fault (FBVC+PSO) 
Time(sec) % of overshoot Steady state value 
(V) 
Steady state time(sec) 
FBVC+PSO PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-1.5) 3.6 24.32 555 555 0.3 1 
Fault (1.5-1.8) - - 500 470 1.6 1.8 
Post fault (1.8- 3.0) 6.3 10.81 555 555 1.9 2.2 
  
Table 43  PCC bus voltage overview under SLG fault (FBVC+PSO) 
Time(sec) % of overshoot Steady state value (pu) Steady state time(sec) 
FBVC+PSO PI FBVC+PSO PI FBVC+PSO PI 
Prefault (0-1.5) 1.08 19.56 0.92 0.92 0.4 1 
Fault (1.5-1.8) - - 0.8 0.77 1.6 1.8 
Post fault (1.8- 3.0) 1.08 7.6 0.92 0.92 1.9 2.2 
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6.5.3.3 Impact of RSC optimized controller on Harmonics  
In addition to the superior performance of the proposed RSC controller in terms of 
LVRT and optimized voltage control capabilities at PCC bus, proposed RSC controller 
has also exhibited an efficient performance while minimizing THD at WG terminals 
and the PCC bus in a hybrid RE network. With the proposed PSO optimized current 
controller of RSC, THD analysis was performed at WG terminals and PCC bus, and 
the following results were observed. FFT analysis on voltage and current was done up 
to 20th order of fundamental frequency.  
 
Figure 112 Current harmonics with PSO (a) WG terminal (b) PCC bus 
The improved performance of the PSO tuned current controller with the applied cost 
function is shown in the Figures 112 and 113. With the proposed RSC controller, total 
current harmonic distortion at WG terminal was depicted as 4.93% maintaining the 
(a)
(b)
159 
 
standard limit as per AS4777. On the other hand, in case of conventional control, the 
observed THD of current at WG terminal was 7.07%. The distorted current harmonic 
components were reduced in case of proposed controller as PSO tuned current 
controller with the proposed objective function aids to minimize the domination of 
higher order harmonic currents and thus reducing the THD of current at stator terminals 
and accelerating LVRT capability of DFIG under fault conditions. 
 
Figure 113 Voltage harmonics with PSO (a) WG terminal (b) PCC bus 
Performance of the proposed controller in terms of reducing higher order harmonics is 
summarized in Table 40 and for comparison, 3rd, 5th and 7th harmonics were highlighted 
here. Though the main aim of the controller is to minimize the THD at WG, this 
strategy aids to reduce the overall harmonic level at PCC. Due to the reduced THD at 
WG terminals, there is a significant impact on the level of THD_I at PCC bus resulting 
(c)
(d)
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a THD_I of 5.76% with 1.76% reduction when compared to the conventional control. 
Table 44 and Table 45 summarizes 3rd, 5th and 7th harmonics in the case of proposed 
control and the conventional control. 
 
 
       Figure 114 Conventional control THD  (a) I_THD_WG (b) I_THD_PCC  (c) V_THD_WG (d) V_THD_PCC 
Table 44  Harmonic analysis with PSO 
ITHD  and VTHD 3rd 5th 7th Total THD % 
ITHD_WG (%) 1.5 0.9 0.5 4.93 
ITHD_PCC (%) 0.65 0.9 0.75 5.76 
VTHD_WG (%) 0.42 0.38 0.36 2.38 
VTHD_PCC (%) 0.28 0.26 0.35 1.92 
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                                               Table 45 Harmonic analysis without PSO 
ITHD  and VTHD 3rd 5th 7th Total THD % 
ITHD_WWG () 2.8 1.5 0.7 7.07 
ITHD_PCC (%) 1.25 1.15 0.98 7.49 
VTHD_WG (%) 0.78 0.48 0.3 2.87 
VTHD_PCC (%) 0.5 0.28 0.3 2.19 
 
Incorporation of PSO algorithm in reactive current controller also has significant 
impact in limiting the voltage THD at WG bus and PCC too. Figure 114 shows results 
of the voltage and current THD analysis without PSO. From the results, it can be 
evident that the higher current harmonic components of WG terminal reduced 
significantly depicting an acceleration in LVRT and reducing the break down 
probability of when connected to grid. In addition, the proposed controller aids to 
provide the  acceptable THD ranges as per the standard [130, 134] in terms of voltage 
and current at WG terminal and PCC bus as compared to compared to the conventional 
control. 
6.5 Conclusion  
From the results presented in Chapter 5, it can be evident that with the amount of 
reactive power available from the coordinated control approach between GSC and RSC 
emphasizes the terminal voltage of WG and PCC bus under fault condition. However, 
due to the sluggish behavior of the PI controller under transient conditions the reactive 
power injection from DFIG is not steady enough to effectively control the voltage level 
at WG terminal and PCC bus. This chapter proposed a two-stage optimization 
technique for RSC controller to accelerate the LVRT capability of DFIG with 
optimized reactive power support. Proposed technique ameliorates the overall 
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performance of DFIG under fault and post fault conditions without any requirement of 
auxiliary hardware such as crowbar. 
Performance of the proposed control was analyzed in two stages: At first, proposed 
FBVC is implemented in RSC control as first stage optimization approach and to 
analyze the effectiveness of the proposed FBVC, SLG and 3Ø fault were imposed at 
grid side. Different simulations were conducted in MATLAB-Simulink platform and 
from the results it can be evident the control response of the RSC was improved with 
FBVC effectively by injecting the optimized and enhanced reactive power to grid 
under SLG and 3Ø faults. Optimized FBVC has a direct influence on rest of the control 
parameters of the network such as WG terminal voltage, PCC bus voltage, DC-link 
voltage, rotor currents. 
In the second stage, FBVC and PSO based current controller were implemented in the 
RSC control and the effectiveness of the proposed control strategy was examined under 
different fault conditions. For comparative analysis, performance indices (percentage 
of peak overshoot, steady state time) of the proposed controller were compared with 
the conventional controller. Moreover, constant reactive power injection during fault 
condition was competent enough to ride through the imposed fault enhancing the 
LVRT capability of DFIG in terms of improved WG terminal voltage and PCC bus 
voltage compared to the conventional control. In addition, the proposed FBVC and 
PSO technique has also exhibited its superior performance in finding the optimal 
solutions for THD issue and thereby reducing the I_THD and V_THD at stator terminals 
of DFIG and PCC bus compared to the conventional control. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
This thesis entitled “Impacts analysis and optimized control in renewable energy 
power network” aims to study several power quality impacts and investigates the 
voltage regulation method in a grid tied hybrid renewable energy power network 
under various network conditions. This thesis also explores the LVRT issue of 
DFIG and proposes a novel optimized control to enhance the reactive power 
support from DFIG under fault condition. Initially this research quantified the PQ 
issues in RE based power network with solar PV and wind integration through PSS 
SINCAL simulation and experimental approach. Further, a hybrid RE based power 
network with implementation of the reactive power management was proposed to 
achieve a coordinated control operation between the wind, solar PV and D-STATCOM 
under different scenarios. Finally, optimized reactive power flow, minimization of 
reactive power and voltage variation and reduced harmonics were achieved with the 
PSO control strategy that helps to accelerate the LVRT capability and ameliorate the 
overall performance of DFIG under fault and post fault conditions. 
From the results of Chapter 3, it is evident that with integration of solar PV or wind, 
the voltages at the corresponding LV nodes were increased and the total power losses 
of the network were decreased. This change is proportional to the level of integration 
of PV or wind. In addition, excess burden on grid is reduced, as grid contributes 
minimum active and reactive power. Power variation from the PV units and wind due 
to disturbance can cause the corresponding active and reactive power flow variation 
from grid side and these variations in wind and PV power variation can cause the local 
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voltage variation at LV bus nodes. Under worst-case scenarios, (no PV no wind), 
implementation of OLTC and SC will enhance the voltage support with improved 
maintaining the standard limits. Voltage harmonics were maintained with in the 
standard limits of AS/NZS 61000.2.2 and with the increased penetration of solar PV.  
On the other hand, the current harmonics were maintained within the limits only with 
50% PV integration and a deviation of current harmonics had been observed with 
100% PV integration due to the cumulative effect of the PV inverters.  
From the experimental results of Chapter 4, power variation depends on the level of 
integrations of RE integrations into the network causing voltage variations at PCC. 
High voltage variations were observed in phase 1 compared to phase 2 and phase 3 
due to the unbalanced PV generation from the three phases due to unbalanced PV 
generation. From the results of PF analysis, system maintained almost unity power 
factor during the first two end half minutes of the total interval during the analysis 
and gradually PF deteriorates for few seconds and reaches the actual point due to the 
excess active power production from PV with respective to the load demand. Further, 
VUF and IN were estimated and verified in the network as per the mentioned 
standards. This study was primarily focused on the impacts considering the actual 
roof top PV system and the micro turbine with typical wind profile and solar profile. 
Voltage THD level was observed to be minimum and within the tolerance level of 
AS/NZS 61000.2.2 standard for all the PV power levels P0/Pr. Current THD level 
was low at maximum PV power level whereas current THD was high and exceeds 
the THD limit of AS 4777 standards at minimum PV power level . 
Results of chapter 5 were based on the coordinated control strategy of RPM in a MV 
network to regulate voltage and PF, reduce reactive power import from the grid, 
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minimize power loss, enhance dynamic reactive power reserve, and improve LVRT 
reserve capability of WG and PV. With the proposed control strategy of RPM, a 
superior performance was achieved while maintaining the voltage level and power 
factor during the first step and second step load change conditions. With the 
coordinated control action of WG/PV inverter, reactive power import from the grid has 
been significantly reduced during load excursion resulting in minimization of power 
loss in the network. Utilizing reactive power reserve from WG and PV inverter will 
tend to make the less dependence of FACTS devices for reactive power support. In 
addition, the proposed control strategy has played a significant role during low 
wind/solar condition by utilizing reactive power from STATCOM/WG/PV and the 
grid source in a coordinated way. As per the allowable operating PF standards, 
minimum reactive power of WG and PV inverter has been utilized, using a smaller 
capacity STATCOM for reactive power support. Further, with the effective utilization 
of D-STATCOM, an improved performance of the proposed control strategy had been 
evidenced enhancing the voltage level at PCC bus and LVRT reserve capability of 
WG/PV inverter. Reduced rotor current of WT, reduced reactive power overshoot of 
WT, improved terminal voltage of PV and WG were also contributed to the superior 
performance of the proposed control. 
From the results of Chapter 6, performance of the proposed control was analyzed in 
two stages: At first, proposed FBVC is implemented in RSC control as first stage 
optimization approach and to analyze the effectiveness of the proposed FBVC, SLG 
and 3Ø fault were imposed at grid side. Different simulations were conducted in 
MATLAB-Simulink platform and from the results it can be evident the control 
response of the RSC was improved with FBVC effectively by injecting the optimized 
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and enhanced reactive power to grid under SLG and 3Ø faults. Optimized FBVC has 
a direct influence on rest of the control parameters of the network such as WG terminal 
voltage, PCC bus voltage, DC-link voltage, rotor currents. 
In the second stage, FBVC and PSO based current controller were implemented in the 
RSC control and the effectiveness of the proposed control strategy in finding the 
optimal solutions under different fault conditions were examined. For comparative 
analysis, performance indices (percentage of peak overshoot, steady state time) of the 
proposed controller were compared with the conventional controller. For instance, 
from the results it can be seen that, there was around 70% and 31% reduction of 
reactive power overshoot under pre-fault (3Ø) and post fault conditions (3Ø) in the 
case of proposed controller when compared to the conventional control. Moreover, a 
constant a reactive power injection, 3.5 MVAR during fault condition is competent 
enough to ride through the imposed fault enhancing the LVRT capability of DFIG in 
terms of improved WG terminal voltage and PCC bus voltage compared to the 
conventional control. In addition, the proposed FBVC and PSO technique has also 
exhibited its superior performance in finding the optimal solutions for THD issue and 
thereby reducing the I_THD and V_THD at stator terminals of DFIG and PCC bus when 
compared to the conventional control and maintaining the Australian network standard. 
In a nutshell, this thesis was mainly focused towards the following contributions: 
• Power quality based issues were analyzed and quantified in a typical hybrid 
RE network model using the PSS SINNCAL software.     
• Quantification of PQ issues in a real-time power network through the 
experimental approach        
167 
 
• Reactive Power management control strategy was implemented in the 
MATLAB-SIMULINK on hybrid RE model with aim to regulate the voltage 
and PF level using coordinated control operation among the DG sources. The 
implemented local controller of DG sources effectively managed to dispatch 
the required reactive power generation in network from PV, wind and 
STATCOM with the proposed RPM.  
• An optimized control strategy was proposed to enhance the LVRT capability 
of DFIG under fault condition and to reduce the effect of harmonics using 
computational intelligence based approach and thus a two-stage optimization 
control was implemented in DFIG using FBVC and PSO based current 
controller.  
Future works 
This research study focused on investigating the strategic impacts of renewable 
energy integration in to grid particularly wind and solar PV including the potential 
barriers with their level of impacts and developing the possible solutions as per the 
stated objectives. Considering the most common attributes of philosophical 
contributions, answering one research question will chain up other research 
questions, and thus the future research works that can be focused here are: 
• To develop a common advanced optimized control strategy for solar PV and 
wind under different transient conditions in a hybrid RE based power network. 
• A hybrid optimized control algorithm can be developed for minimizing the 
voltage variation level considering different integration levels of solar PV and 
wind in hybrid RE power network. 
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• Using an optimized multi-objective control algorithm, a cost based energy 
management scheme can be developed for PV, wind tied network separately, 
and then an optimized cost based model can be developed for hybrid network 
for better power cost management comparisons. 
• In order to improve the stability and dynamic response of the hybrid RE system 
during the transient conditions, a robust control strategy with optimized control 
technique can be developed. 
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                             APPENDIX        
                             Appendix A 
   
  A1 dq reference frame theory for RSC and GSC control 
The operating principle of DFIG can be analyzed using classic theory of rotating 
fields, dq axis model or three to two and two to three axis transformations. A theory 
of direct-quadrature (dq) rotating synchronous frame is widely used for the control 
system applications of power inverters [155]. Phase Locked loop, which is 
implemented in the control structure of power inverter, helps to synchronize the 
phase and frequency of inverter with the grid network. This is also useful to detect 
phase angle for parks transformation, which is used for inverter control system. 
Equation A.1 presents the matrix form of three phase components (three-phase 
voltage/current) under reference frame abc. 
                                     
( )m
a
b m
c
m
X cos
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ωt
X
2πX X os ωt-
3
X
2πX cos(ωt+ )
3
 
 

 
 
   
   
   
    

 


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                                              (A.1)                                                   
Where Xa, Xb, Xc are the three phase current or voltages, Xm is the maximum 
magnitude of current or voltage, ω is the angular frequency. The three phase abc 
components (voltage/current) under stationary coordinate system can be transformed 
into dq rotating coordinate system through park transformation, as per the expression 
of equation A.2. 
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Stator Flux Orientation control (SFOC) and Stator Oriented Voltage Control (SVOC) 
are the two reference frames control concepts which can be used effectively to 
analyze the controllability of GSC and RSC[30]. In the stator-voltage orientation, the 
d-axis is aligned along the stator voltage position. This results in constant voltage 
along d-axis and zero voltage along q axis. On the other hand, in FOC, the d-axis is 
aligned with the stator flux position such that the q-axis flux linkage of the stator is 
zero and the d-axis flux linkage is constant.  
 A2 Stator voltage oriented control (SVOC) for RSC  
Considering SVOC, d-axis of the synchronous reference frame is aligned with the 
stator voltage vector,  vs���⃑  . This results in constant voltage along d-axis of the reference 
frame and zero voltage along the q-axis. If the applied grid voltage to is constant, 
                                    vsq = 0 and vsd = vs                                                      (A.3) 
Where, vs is the constant voltage magnitude of  vs���⃑  or the peak value of the stator 
voltage.In addition to theRs, stator leakage inductance can also be neglected in the as 
its value is very small. Under these conditions, the stator flux space vector  λs���⃑  always 
lags the stator voltage vector by 90 degrees and results equation A.4 
                                   λsd≈ 0 and λsq≈ sd
s
v
ω
−                                                  (A.4) 
Under steady state, dq space vector representation of DFIG can be expressed as 
follows: 
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                   vsd + jvsq = Rs(isd + jisq) + jωs(λsd + jλsq)                              (A.5) 
Representing d-axis and q-axis voltages, the above equation can be rewritten as: 
                              vsd = Rsisd − ωsλsq                                                            (A.6) 
                                  vsq = Rsisq + ωsλsd                                                           (A.7) 
The dq axis flux linkages are given by: 
                                  sq s sqsd
s
v - R i
λ =
ω
                                                              (A.8) 
                                 sd s sdsq
s
v - R i
λ = -
ω
                                                             (A.9) 
Substituting flux equations in Torque equation results the following 
          Te = 3p2 LmLsωs [−ird( vsd − Rsisd)  − irq(vsq − Rsisq)]                          (A.10) 
With Rs = 0 (since stator resistance is ignored, as the value of resistance is very low 
for DFIG) and considering SVOC, torque equation can be expressed as follows: 
                                Te = −3p2 LmLsωs ird vsd                                                     (A.11) 
A2.1 Reference currents for RSC  
Considering the current flux linkage relationships, the stator currents can be given as:    
                                           isd = λsdLs − LmLs ird                                                      (A.12) 
                                         isq = λsqLs − LmLs irq                                                     (A.13) 
 
Substituting above equations isd, isq , vsq= 0 and λsd= 0 in active and reactive power 
equations, the updated active power for stator results in to equation A.14 
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                                              mS rd sd
s
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2 L
                                                    (A.14)                              
Considering the reactive power and substituting vsq=0 and λsq=−vsdωs , Qs can be 
expressed as: 
                                        
2
m
sd rq
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2 ω L L
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                                          (A.15)   
Hence, from the above equations it can be concluded that the active power injected to 
the grid and the reactive power of the stator can be controlled by controlling the rotor 
injected currents. In other words, the active power of the stator is fully controlled by 
the rotor d-axis current ird and independent of rotor q –axis currentirq. On the other 
hand, from equation justifies that stator reactive power Qs can be controlled by rotor q 
–axis current irq and independent of rotor d-axis currentird. Since the active power or 
electromagnetic torque and the reactive power at the stator is controlled by ird and irqrespectively, the reference current for the rotor can be expressed as follows: 
                                 * srd s
m sd
L2       i  P
3 L v
=                                                             (A.16)                                                           
  In terms of  Te , ird∗  can be given as : 
                                       * *s srd e
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3 L v p
ω 
 
 
                                                     (A.17) 
                                    * *s sdrq s
m sd s m
L v2i = Q -
3 L v ω L
 
 
 
                                                (A.18)                                                                                                                                               
 
 
187 
 
A3 Stator Voltage Oriented Control (SVOC) for GSC  
Figure 115 shows the block representation of GSC and the DC link when connected to 
the grid. GSC aims to control the dc bus voltage regardless of the magnitude and the 
direction of the rotor power. Using the transformation matrix, grid voltage and grid 
current are converted in to d-axis and q-axis representation. 
                        vgd = Rgigd + digddt − ωeLigq+ vgd1                                         (A.19) 
                        vgq = Rgigq + digqdt + ωeLigd+vgq1                                          (A.20) 
Here, vga, vgb, vgc are the grid voltages and iga, igb, igc are the grid currents    entering 
in to the GSC. The active and the reactive power at GSC is given by  
                            Pg = 32 ( vgdigd + vgqigq)                                                   (A.21) 
 
                            Qg = 32 ( vgqigd − vgdigq)                                                   (A.22) 
 
 
Figure 115  Power flow in GSC 
Applying VOC control scheme to the above equations, vgq = 0 and  vgd= maximum 
voltage or �3
2
 times the grid phase voltage. 
                                    Pg = 32  vgdigd                                                            (A.23) 
                                     Qg = −32 vgdigq                                                         (A.24) 
PgVdc Cdc
PRSC +
_
GRID SIDE 
CONVERTER
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From the above equations, it can be evident that igq∗  reference depends on Qg∗  and is set 
to zero for unit power factor. For leading power factor, a negative value is reflected 
and for lagging power factor operation a positive value is observed for Qg∗ . By power 
balance equation:  
                              PRSC − Pg =  12 CdCvdc2                                                        (A.25) 
                               PRSC − Pg =  CdCvdc dvdcdt                                                    (A.26) 
                             Pg =  32 vgdigd =  32 vdcidc                                                     (A.27) 
The following conclusions can be drawn by governing a SVOC controlled DFIG for 
GSC under steady state. 
• igq∗  reference depends on the reactive power Qg∗  and vgd 
• igd∗  reference depends on active power component Pg and vdc. Hence , vdc∗  can            Be   used to generate igd∗  
A4  PV inverter control 
The PV inverter control mainly consist of two control loops- DC voltage control and 
current control [20, 49] : 
A4.1 Voltage control loop of PV inverter  
 The active (P) and reactive (Q) power of solar PV can be controlled by regulating id and 
iq current components at the output of inverter. As per the control configuration of voltage 
control loop, DC voltage controller regulates the DC bus voltage and generates idpv_ref 
expressed as in equation A.28. Considering unity power factor, reactive power 
component iqpv_ref is generally maintained zero. By comparing the voltage reference 
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signal with the actual dq voltage components (Vd, Vq) at the input side, the proportional-
integral (PI) based voltage control loop generates an output dq reference current signals. 
                                       ( )idpv_ref p dc_ref dci = k + V -k  Vs
 
  
                                        (A28)                              
A4.2 Current control loop of PV inverter 
The current controller of PV inverter includes two control loops (dq axis). The d-axis 
current control loop generates output voltage reference signal (Ud) while minimizing 
the error between id_ref and id current of inverter. Similarly, q-axis current control loop 
generates output voltage reference signal (Uq) while minimizing the error between iq_ref assigned from reactive power controller (Q controller) and iq current of inverter. 
By regulating d-axis and q-axis current components at the output of inverter, the active (P) 
and reactive (Q) power of PV can be controlled. In addition to control of the inverter 
current, the current control loop will safeguard the inverter against overload condition. 
Voltage equations of PV inverter can be represented in dq form as follows: 
                                Ud_pv = Vd + Rid + L
did
dt
+ ωLiq                                          (A.29) 
                                     Uq_pv = Vq + Riq + L
diq
dt
 + ωLid                                                               (A.30) 
From the above equations, Ud_pv, Uq_pv  are the inverter output voltage signals, id and 
iq  are the inverter output current components, Vd and Vq are the inverter output voltage 
components, ω is the angular frequency (rad/sec), R is the resistance and L is the 
inductance between inverter output and network. To control id and iq independently, 
the coupled term can be decoupled through implementation of current feed forward 
compensation technique with reference to the above equations. As per the control 
configuration of current control loop, with the inclusion of cross coupling term and 
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feed forward voltage facility, the inverter output voltage signals of current control loop 
can be expressed as per the below equation. 
       �
Ud_pvUq_pv�=�−kp −ωL−ωL kp � �idiq� + �kp 00 kp� �id_refiq_ref� + �ki 00 ki� �XdXq� + �vdvq�     (A.31) 
                                         dxd
dt
 = id_ref − id                                                            (A.32) 
                                        dxq
dt
 = iq_ref − iq                                                            (A.33) 
Using reverse parks transformation, current control loop output reference signals (Ud, 
can be transformed into a voltage reference signal in the abc-frame. 
A4.3  Reactive power limits of PV 
The acceptable reactive power mainly depends on the maximum value of voltage and 
current capacity of the PV inverter. The following equations expresses active and 
reactive power correlation of the converter current limit and voltage limit respectively 
[11]. 
                                         Ppv2  +Qpv2  =( ic_pvvpv)2                                               (A.34) 
                                    Ppv2 +�Qpv + vpv2Xc �2=�vCvpvXc �2                                           (A.35) 
Taking maximum converter current and converter voltage values in to account, the 
hourly PV system reactive power limit can be expressed as follows. 
                                   Qi_pvt =   �(icMAXvpv)2 − Ppvt 2                                                               (A.36) 
                                   Qv_pvt =  ��vcMAXvpvXc �2 − Ppvt 2   −vpv2Xc                                (A.37) 
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Here, vcMAX and icMAX are the maximum value of the converter voltage and current 
respectively expressed as follows: 
                                         icMAX = �Ppvr2 +Qpvr2vpv_min                                                        (A.38) 
Equation A.38 can be rewritten as  
                                      icMAX = �Ppvr2 +(Ppvrtanθr)2vpv_min                                               (A.39) 
                        vcMAX = XCVpv max �Ppvr2 + �Ppvrtanθr + vpv2Xc �2                               (A.40) 
Hence, the maximum reactive power capability that can be considered at tth hour can 
be expressed as follows: 
                                    Qpv_max= min (Qi_pv, Qv_pv)                                             (A.41) 
A4.4  Reactive power representation in terms of PF                               
Under unity PF considerations, no reactive power is supported by the PV inverter. A 
substantial reactive power is produced by the PV inverter with varying PF limits 
supporting the grid code requirements of PV. 
                                  Qpv_MVA=  �Spv2 − Ppv2                                                        (A.42) 
Where,  Qpv is the maximum MVA rating, Spv is the inverter rating and Ppv is the real 
output power of PV. In terms of PF limit, reactive power of PV can be written as : 
                                 Qpv_PF =  PpvPF * √1 − PF2                                                     (A.43) 
                               Qpv_max= min (Qpv_MVA, Qpv_PF)                                         ( A.44) 
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A5  Fuzzy logic control (FLC) 
Fuzzy logic is treated as much nearer to human thinking and natural language. The 
process of human thinking is realized using membership functions (MF) in Fuzzy 
that defines the process of mapping of every point in the input space to a membership 
value space. According to Kickert and Mamdani[153], the basic idea behind FLC 
was to incorporate human process operator “experience” in to controller design from 
the set of linguistic variables. The benefit of this fuzzy based approach in control 
design lies in the possibility of implementing rule of thumb expertise, intuition and 
the fact that FLC does not require model of the process. FLC have the capability to 
overcome the issues that deal with nonlinearities and time variances of the system 
without any requirement an accurate mathematical model. FLC has many advantages 
compared to PI, for instance, it is easy to obtain the variable gains of the controller 
based on the error rate. Moreover, FLC accepts the noisy and inaccurate signals, as 
it is insensitive to parameter variation. In addition, FLC also gains fast convergence 
rate when compared to the conventional PI [154, 156]. 
A5.1 Fundamental design steps for FLC 
To design a basic FLC controller, the fundamental design steps employed are 
Fuzzification, Inference engine and Defuzzification .The input of the FLC is always 
crisp which is fuzzified during fuzzication process based on the defined rules in the 
rule base. Once the decision set is made by the inference engine, the output of FLC 
is converted in to crisp which is said to the process of Defuzzification. The details 
of FLC process is explained below[153].  
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A5.2 Fuzzification 
Fuzzification is technique of converting crisp input value to a fuzzy value using 
information in the knowledge base. During fuzzification the input variables are 
processed using membership functions (MF) and determines the degree of the input 
variables through the use of MF that belongs to specific fuzzy sets. In order to convert 
the value of input variables into a value between 0 and 1, MFs are used. Although 
different types of curves can be visualised in literature, the most commonly used MF 
in the Fuzzification process are Gaussian, sigmoidal, triangular and trapezoidal. 
Membership functions are defined mathematically with various parameters such that 
appropriate tuning of FLC can be adapted using these parameters. In other words, MFs 
should be selected in a proper way to reflect the input variables’ characteristics and 
meet the controller’s requirements. Typically, MFs’ overlapping is required during 
Fuzzification as it means more than one rule can be fired at each time, which is a main 
characteristic of a fuzzy controller. 
 
Figure 116  Fuzzy Logic Control block 
A5.3 Rule base  
Rules base consists of set of rules that can be used while making decisions. Considering 
the expert knowledge, finite number of rules are formulated in the very first step of the 
Rules
Defuzzifier
Fuzzifier
Inference
Crisp input
Fuzzy input
sets
Fuzzy output
sets
Crisp 
output
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process which are generally based on the personal intuition and experience. However, 
sometimes, empirical approaches can be aimed to define the set of rules in a FLC. 
Generally, a rule can be defined with single argument or multiple argument based on 
the type of the  systems: Single Input Single Output (SISO), Multi Input Multi Output 
(MIMO) or Multi Input single Output (MISO). 
A5.4 Fuzzy Inference  
Fuzzy inference engine aims to make decisions using fuzzy rules in the rule base. 
During this stage, each rule is  evaluated separately to make a decision for each 
individual rule and the outcome is the set of fuzzy decisions based on the logic 
operators such are OR, AND, NOT. 
A5.5 Defuzzification 
Defuzzification is the final step of the fuzzy implementation process where the fuzzy 
output is transformed in to the single crisp value using the degree of membership 
values. Different heuristic Defuzzification methods are in existence and of these he 
most widely used methods is the centre of area that takes the centre of gravity of the 
fuzzy set. 
A6 Particle Swarm Optimization Technique (PSO) 
PSO algorithm is a well recognized as an intelligent population based, stochastic 
natured optimization technique, which mimics the social behavior of group of fish or 
flocks of birds or swarm of bees hunting food in specific a region. PSO algorithm was 
first proposed by Kennedy and Eberhart in 1995. PSO algorithm determines the 
objective or fitness function providing an optimal solution in a specific search area. 
Performance of PSO algorithm depends on the intelligent movement of each particle 
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based on the previous experience and collaboration of swarm. For each iteration, the 
best position of each particle can be determined in terms of  fitness  as local best, XL_best 
and the best solution acquired by any particle in the neighbourhood of that particle is  
coined as global best (Xgbest) [157-160]. 
A6.1 General rules for PSO 
The main rules formulated while applying PSO algorithm are to evaluate the fitness 
value of each particle, update the local and global best fitness values, velocities and 
positions. According to the steps represented in the flow chart shown in Figure 117, 
the following sections explain the detailed rule formulation for PSO algorithm [115, 
159, 161, 162]. Initialization is the primary step while processing PSO algorithm by 
generating N number of particles and assigning initial velocities randomly for all the 
generated particles. It then evaluates the fitness value of each particle and identifies 
best objective function with best position of particle as the global best. Finally, it 
assigns and initializes inertia weight (w) that controls the impact of previous velocity 
of the particle on its current velocity. Generally, inertia weight can be updated as per 
the below equation. 
                              w(k) = wmax − (wmax−wminkmax ) k                                             (A.45) 
Here, k=1,2,…n. kmax is the maximum number of iterations and K is current number 
of iteration. Appropriate values for wmax and wmin are 0.9 and 0.4 respectively [126].  
A6.2 Velocity and position update 
Each particle has a vector of position ‘X’ and velocity ‘V’ during its search process 
and can be represented in simple equations as shown in equation A.46 and A.47 
respectively. 
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                                         Xi = [x1,x2, . . . ,xn]                                                    (A.46) 
                                        Vi =[V1,V2, . . . ,vn]                                                     (A.47) 
For optimal solution, PSO algorithm update its position and velocity according to the 
equation represented in equation A.48 and A.49 
                        K+1 k k k k ki i 1 1 (Pbest) i 2 2 (gbest) i  V w.V + c r [X -X ]+ c r [X -=  X  ]                        (A.48) 
                                           (K+1) K (k+1)i i iX =X +V                                                   (A.49) 
Here i is coined as index of the particle; Vik and Xik are the velocity and position of 
particle i at Kth iteration, respectively; w is the inertia constant, generally with a range 
of  0 to 1; c1 and c2 are defines ad cognitive coefficients whose values are in between 
0 and 2; r1 and r2 are random values which are generated for each particle with latest 
velocity. 
A6.3 Local best and global best update  
Each time, a particle compares its fitness value with the current particle fitness value , 
XL_best  and update its current fitness value to XL_best. This process continues for the 
global best value Xg_best value too. This whole process repeats itself until it meets the 
maximum number of iterations or if the particle gains the effective fitness value. 
A6.4 Cost function formulation 
Cost function is a specific function or a criterion that can be used to evaluate the 
optimal behaviour of a controller. Generally, the cost function can be expressed as 
follows:  
                                          Cost function (CF) = f ( X)                                      (A.50) 
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Figure 117 PSO process-flow chart [126] 
In the above equation, F(x) is termed as the equality constraint which can be 
constructed based on the minimization of error-integral function .Generally classified, 
Integral absolute Error (IAE), Integral Square Error (ISE), Integral Time square Error 
(ITSE) and Integral Time Absolute Error (ITAE) are four types of time integral 
functions used to evaluate the optimal control behaviour of a controller. In addition, a 
cost function can also be incorporated with inequality constraints through penalty 
function method magnifying the weight of the solution for effective optimization [157, 
163, 164]. A cost function with the added penalty function is represented in the below 
equation. 
                                 Cost function (CF) = f (x) +∑ (ajbj)J                                (A.51) 
Intitialisation: random position vector (Xi),
velocity vector (Vi), and best solution so far
Evaluate the initail fitness value
Iteration K=1
Update velocity and position of each particle 
Evaluate fitness of each particle 
Updation: P_best and G_best
Is K ≤ Max iteration
Optimised result 
End
K=K+1
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In the above equation, the second term ∑ (ajbj)J   is the penality function for the 
inequality constraint. 
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APPENDIX B 
PSS SINCAL DESCRIPTION & CSIRO RE INTEGRATED 
FACILITY 
B.1 Network Elements of PSS SINCAL 
B.1.1 AC In-feeder 
 AC infeeder is the primary element in the network modelling acting as a grid source. 
This in feeder block can be configured with the required basic data such as network 
level of choice, short circuit power, the details of operating state and the zero phase 
sequence. The settings of this window are user friendly with the choice of single-phase 
three phase equivalent supply. Figure 118 depicts the layout of AC infeeder settings 
menu. 
 
Figure 118  AC in feeder layout settings 
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Transformer basic configuration includes the details of the connecting node points, 
network level of the primary and the secondary windings, vector group, percentage of 
the short circuit voltage details, zero phase sequence details. In addition, under the 
“Controller” configuration, there is a facility available configuration to implement 
Online tap changing (OLTC) for voltage regulation in the network. OLTC method is 
one of the prevailing method in regulating the voltage of a distribution system due to 
its ease of implementation with simpler design. Based on the voltage levels of the 
feeder, the tap changer adjusts the turn ratio to maintain the desired level of voltage 
and Automatic voltage regulator (AVR) plays a crucial role in this action by 
continuously monitoring the network voltage level of the specific feeder. 
B.1.2 DC in-feeder 
Under this selection, user can implement different DG power sources effectively in the 
network modelling. This selection includes solar PV, wind turbine, battery storage, 
fuel cell and the electric vehicle. A specific operating mode and the required 
parameters can be selected for each of the elements. This window also has the 
flexibility to load the solar irradiance profile (daily or weekly or monthly), or varying 
wind profile, operating points and the control implementation for the selected dc-in 
feeder. Type of load flow calculation determines the DC input format for DC element.  
Figure 119 shows the elements of DC-in feeder block. 
 
Figure 119  Elements of DC in-feeder block  
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B.1.3 Load 
Using load element, user has the flexibility to assign the consumer based loads with 
time varying load profiles. A wide variety of data can be used while entering the load 
data such as maximum power, total annual consumption of the customer, power factor, 
apparent power and the percentage of voltage. In addition, load can also be configured 
as single phase or the three phase loads based on the choice of application. 
B.1.4 Node/Bus bar 
Node is the basic element of the network and it is the connection point to all other 
elements in the network.  
 
Figure 120 Settings of PV element with inverter configuration 
B.2 Methods of load flow calculation  
  PSS SINCAL platform provides and extensive environment for different calculation 
methods. PSS SINCAL load flow is an essential tool for determining the operational 
behavior of the power network. Following are the two different methods that were 
employed when working with the developed network. 
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B.2.1 Basic calculation method 
Load flow calculation and the short circuit calculation are method that can be used for 
the basic analysis of a network. The operating conditions of a network can be easily 
determined using the load flow while calculating the consumer flow from the 
generators or other sources in the network. Power flow calculation methods can be 
applied to both balanced and the unbalanced. For unbalanced load flow calculation, 
positive phase sequence, negative phase sequence and zero phase sequence data are 
essential. Different algorithms available for load flow calculations Newton Raphson 
method, Current iteration, and Admittance matrix. On the other hand, short circuit 
analysis essential for maximum fault and minimum fault currents. In short circuit 
analysis, single phase, two phases and the three phases based networks power, voltage 
and currents can be calculated according to the standards of based on the standards of 
ANSI,VDE,IEC,G74[165].  
B.2.2 Enhanced calculation methods 
This method of calculation includes dimensioning of low voltage networks, 
contingency analysis, multiple faults, Optimization of reactive power, optimal load 
flow, optimal balancing, capacitor, volt/var optimization, load balancing and grid code 
compliance[166].  
B.2.3 Load flow calculation 
PSS SINCAL calculates currents in the network from differences in potential of nodes 
and the impedance between nodes. Load flow calculations calculate current or voltage 
between nodes. The node point equation creates the following linear equation. 
                                                   Y*V = Ī                                                        (B.1) 
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                                    �
I0I1I2� =  1√3 �1 1 11 A A21 A2 A �  �IAIBIC�                                  (B.2) 
Where, Y  is the  nodal point admittance matrix,V  is the  node voltages vector, Ī  is 
the   current vector. PSS SINCAL uses transformation equations for voltages to convert 
component voltages to the phase voltages as explained in equation 3.3 
                                �
V0V1V2� =  1√3 �1 1 11 A A21 A2 A �  �VAVBVC�                              (B.3) 
Where, V0, V1, and V2 are the positive, negative, and zero sequence voltages, VA, VB, 
and VC are the phase voltages. 
B.3 CSIRO RE integrated facility 
 
Figure 121 RE integration facility at CSIRO 
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Figure 122 Picture of Roof top solar PV and PV panel installation site at CSIRO 
 
Figure 123  SMA Three phase inverters and rooftop PV system isolator 
 
Figure 124  REIF monitoring facility interface through lab view 
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APPENDIX C 
RPM DURING STEP LOAD EXCURSION 
C1 First step load excursion 
 
Figure 125 Reactive power from DFIG, PV and grid 
 
Figure 126  PF variations - WG, PV and grid 
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C2 Second step load excursion 
 
 
Figure 127 Voltage level at PCC bus and grid bus 
 
 
Figure 128 Reactive power from WG, PV and grid 
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Figure 129 PF of WG, PV and grid 
 
 
   
 
